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ABSTRACT 


Rydberg  states  of  atoms  have  Intrinsic  properties  that  should  allow  their 
use  as  highly  sensitive  and  tunable  detectors  at  far  Infrared  wavelengths. 

The  intrinsic  limit  of  such  atomic  detectors  are  collislonal  processes.  This 
report  describes  the  results  of  a  research  program  to  better  understand  an 
important  class  of  collisions — namely,  the  resonant  colllson  of  two  Rydberg 
atoms.  We  have  extensively  measured  the  llnewidths  and  the  collision  cross 
sections  and  have  determined  their  dependence  on  parameters  such  as  the  prin¬ 
cipal  quantum  number  and  the  Rydberg  state  angular  momentum.  The  resonant 
collisions  are  shown  to  occur  for  a  wide  variety  of  initial  states  with  cross 
sections  of  the  order  of  10^  and  scaling  as  (n 
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I  INTRODUOTIOW 


This  report  summarizes  the  results  of  a  research  program  to  study  colli¬ 
sion  processes  of  Rydberg  atoms  relevant  to  their  use  as  an  Infrared  detec¬ 
tor.  The  work  was  performed  under  Contract  N00014-79-C-0202  over  the  last 
three  years.  The  objective  has  been  to  systematically  Investigate  the  reso¬ 
nant  collisions  between  highly  excited  states  of  sodium.  The  motivation  for 
undertaking  these  studies  has  been  to  study  colllsional  processes  that  would 
limit  or  interfere  with  the  use  of  Rydberg  states  as  sensitive  and  selective 
detectors  of  far  infrared  (FIR)  and  millimeter  wave  radiation. 

The  basic  idea  of  using  the  Rydberg  atoms  as  a  highly  sensitive,  narrow 
bandwidth,  large  acceptance  angle  tunable  detector  at  FIR  wavelengths  is  as 
follows.  Using  a  resonant  laser  excitation  scheme,  it  is  possible  to  excite 
enough  atoms  to  a  Rydberg  state  A  so  that  it  is  optlcallv  thick  to  the  far 
infrared  (FIR)  or  millimeter  radiation  connecting  state  A  to  a  higher 
state  R.  Thus  an  incoming  FIR  photon  at  frequency  will  he  absorbed  by 

one  of  the  atoms  in  the  sample  and  concomlttantly  make  a  transition  to 
state  B.  The  atomic  transition  can  be  easily  detected  by  selective  field 
ionization  (SFI)  of  the  atom  in  the  B  state.  The  intrinsic  limit  of  such  an 
atomic  detector  is  due  to  colllsional  processes  that  lead  to  the  same  result — 
that  is,  excitation  of  the  atom  to  state  B  or  its  ionization. 

The  results  of  this  research  program  to  provide  understanding  of  the 
colllsional  effects  of  the  Rydberg  atoms  with  each  other.  In  oartlcular,  we 
have  extensively  studied  the  resonant  collisions  hetv'een  two  excited  atoms, 
under  a  variety  of  different  initial  states  and  conditions.  Although  the 
resonant  collisions  are  by  no  means  the  only  colllsional  mechanism  that  limits 
the  performance  of  atomic  FIR  detectors,  they  constitute  an  important  colli- 
sional  channel. 

In  this  report  we  review  the  physics  of  resonant  collisions,  then  outline 
the  laser  excitation  scheme  and  the  SFI  detection  method  on  which  this  work  Is 
based,  and  finally,  describe  the  research  accomplishments,  ’’’he  papers  result¬ 
ing  from  this  contract  are  listed  in  the  Appendix. 
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II  RESONANT  COLLISIONS 


A.  Resonant  Collision  of  Rydberg  Atoms 

Resonant  colllslonal  energy  transferls  a  process  that  has  been  of 
Interest  for  some  time.  In  this  process,  atom  (or  molecule)  A  loses  as  much 
Internal  energy  as  its  collision  partner  atom  (or  molecule)  B  gains.  Although 
this  subject  has  been  studied  theoretically  in  some  detail,  both  for  atomic 
and  molecular  collisions,  the  experimental  exploration  of  resonant 
collisions  has  been  hindered  hy  the  necessity  of  finding  chance  coincidences 
in  the  separations  of  the  energy  levels  of  the  collision  partners.  In  spite 
of  this  obstacle,  considerable  insight  has  been  gained  into  the  nature  of 
resonant  collisions  using  the  available  coincidences.^*^ 

Atomic  Rydberg  states  are  well  suited  for  such  studies  for  two  reasons. 
First,  for  many  collision  processes  they  have  large  cross  sections,  which 
should  allow  the  long  interaction  time  necessary  to  produce  sharp  colllslonal 
resonances.  Second,  the  energy  spacings  of  Rydberg  states  may  be  varied  in  a 
systematic  fashion.  The  most  apparent  approach  is  to  vary  the  energy  spacings 
by  studying  a  progression  of  n  or  1  states,  where  n  and  1  are  the  principal 
and  orbital  angular  momentum  quantum  numbers.  Variation  of  n  has  already  been 
used  to  study  resonant  electronic-to-vibrational  energy  transfer  from  Rydberg 
states  of  Na  to  CH^  and  and  electronlc-to-rotatlonal  energy  transfer 

from  Rydberg  stats  of  Xe  to  NH^.^  The  widths  of  the  resonances  in  these  col¬ 
lision  cross  sections  are  50  and  6  cm~^,  respectively,  although  the  exact 
widths  are  somewhat  uncertain  due  to  the  comb-like  nature  of  the  energy  spa¬ 
cing.  In  both  these  cases,  at  resonance  the  cross  sections  are  smaller  than 
the  geometlc  size  of  the  excited  atom,  and  the  dominant  interactions  in  these 
collisions  is  thought  to  be  the  quasi-Free  electron  scattering. 

Because  Rydberg  atoms  have  large  dipole  moments,  their  energies  are 
easily  shifted  hy  the  application  of  verv  modest  electric  fields,  thus  allov*- 
ing  the  study  of  resonant  collisions  with  continuous  tuning.  This  report  de¬ 
scribes  experiments  in  which  the  electric  field  tuning  of  the  Na  Rydberg 
process: 


(ns)  +  (ns)  +  (np)  +  [(n-1)  p] 


Sharp  resonances  representing  large  transfers  of  population  to  the  no  and 
(n-l)p  states  from  the  initially  excited  ns  states  are  observed  at  certain 
values  of  the  static  electric  field.  These  sharp  resonances  occur  when  the 
laser-excited  ns  state  lies  midway  between  an  upper  np  and  lower  (n-l)p 
state, causing  the  process  (ns)  +  (ns)  -►  [(n-l)pl  +  (nn)  to  proceed 
resonantly  because  the  energy  lost  by  one  Na(ns)  atoms  exactly  equals  the 
energy  gained  by  the  other  colliding  Na(ns)  atom.  The  energy  level  diagram 
for  the  16p-17s-17p  states  In  a  static  electric  field  is  shown  in  Figure  1. 

The  vertical  lines  in  Figure  1  indicate  the  four-field  values  where  colllsion- 
al  transfer  occurs. 

This  report  also  describes  the  result  of  our  effort  to  generalize  and  ex¬ 
tend  the  capability  of  the  electrlc-f ield-tuned  resonant  colllslonal  energy 
transfer  to  include  Rydberg  states  other  than  the  s  and  p  states  of  Na.  The 
relative  size  of  the  resonant-collision  cross  sections  for  the  different  ini¬ 
tial  and  final  states  is  also  an  important  check  on  the  dipole-dipole  interaction 
model  for  these  collisions.  Specifically,  we  observe  electric-f ield-tuned  re¬ 
sonant  collisions  of  the  type  (ns)  +  (ns)  (np)  +  (nl)  or 
(ns)  +  (np)  ♦  (nl)  +  [(n-l)p],  where  one  of  the  final  states  is  a  nl  state 
(1  >  2).  Although  1  is  not  a  good  quantum  number  in  an  electric  field,  it 
still  serves  as  a  convenient  and  unloue  way  to  label  states  (see  below).  We 
have  also  observed  a  large  enhancement  In  the  cross  section  at  relatively  low 
field  (approximately  17  V/cm)  for  the  process  (15d)  +  (15d)  ->•  (Ibf)  +  (15p), 

In  which  a  collision  between  two  Na(15d)  atoms  results  in  one  atom  being 
excited  to  a  Ifif  state  and  the  other  deexcited  to  a  15p  state.  We  fin'i  that 
both  the  cross  sections  and  the  llnewidths  of  these  resonant  processes  are 
comparable  in  magnitude  to  the  process  (ns)  +  (ns)  ♦  [(n-l)p]  +  (np). 

•j 

Cross  sections  ~10  times  greater  than  the  geometric  cross  sections  of 
the  atoms  with  resonance  widths  of  -^.03  cm”^  are  observed.  Both  of  these 
striking  features  are  consequences  of  the  large  dipole  moments  of  the  Rydberg 
atoms,  which  allow  an  efficient  long  range  resonant  dipole-dipole  interac- 
tion.  Such  an  interaction,  termed  a  "rotational  resonance"  by  Anderson,  has 
been  observed,  although  not  systematically,  in  molecular  resonant  rotational 
energy  transfer.^ 
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FIGURE  1 


energy-level  diagram  for  the  16p-l  7s-1  7p  STATES 
IN  A  STATIC  ELECTRIC  FIELD 


The  vertical  lines  are  drawn  at  the  four  fields  where  the  s  state  is 
midway  between  the  two  p  states  and  the  lesonance  collisional 
transfer  occurs 


B.  Theory  of  Resonant  Collisions 


The  theory  of  resonant  collisions,  as  it  applies  to  the  experiments 
described  in  this  report,  is  best  understood  by  referring  to  a  concrete 
example.  We  consider  the  collisional  process  for  Ma,  ns  +  ns  np  +  (n-l)p, 
and  generalize  the  results  to  other  cases  when  appropriate.  Consider  two 
two-level  atoms,  1  and  2,  one  in  its  upper  and  one  in  its  lower  state,  as 
shown  in  Figure  2.  The  transition  matrix  elements  for  the  two  atoms  at  an 
Identical  transition  frequency  w  are  and  U2»  respectively.  One  of  the 
atoms  is  assumed  to  be  stationary  at  the  orlpln  and  the  other,  passing  the 
first  atom  with  an  Impact  parameter  b  at  x  =  0,  is  moving  in  the  x  direction, 
perpendicular  to  the  page,  with  velocity  v.  We  assume  that  the  second  atom 
travels  in  a  straight  line  and  is  not  deflected  by  the  collision.  In  addi¬ 
tion,  we  assume  that  there  is  a  static  electric  field  in  the  z  direction. 

This  choice  of  axes  matches  our  experimental  configuration.  We  construct  the 
product  states 

=  t|;^nD  ij»2(n-l)p  (lb) 

where  ij;ns  describes  a  Stark  state  wavefunctlon  that  is  adiahatlcally  connected 
to  the  corresponding  zero  field  n, 2  coulomb  wavefunctlon.  The  total  wavefunc¬ 
tlon  for  the  system  may  be  written  as 

C^Ct)  (?) 

where  all  the  time  dependence  is  in  the  coeFficlents  Cfl(t)  and  Cp(t).  The 
energies  of  the  two  states  A  and  R  at  r  =  ®,  where  r  is  the  internuclear  se¬ 
paration,  are  given  by 


'■'a  =  Wns  +  Wps  =  0 


Wr  =  "np  +  "(n-l)p 
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FIGURE  2  GEOMETRY  OF  THE  COLLISION  OF  TWO  ATOMS 


Atom  1  is  at  rest  at  the  origin.  Atom  2  is  moving  in  the 
x-direction,  perpendicular  to  the  paper,  with  velocity  v 
and  impact  parameter  b. 


which  we  take  to  be  the  eigenvalues  of  the  unperturbed  Haniltonlan  of  two 
noninteracting  (Infinitely  separated)  atoms  in  the  static  electric  field,  ’^'or 
finite  internuclear  separations,  the  states  A  and  R  are  coupled  by  the 
dipole-dipole  interaction 


•  h  (ij2  •  r) 


Here  r  is  the  vector  between  the  two  atoms. 

The  interaction  matrix  elements  may  be  simplified  by  taking  the  PMR  value 
of  F.quatlon  (4)  over  the  angle  0  in  Figure  2.  The  resonances  are  labeled  by 
the  |m  I  values  of  final  lower  and  upper  p  states.^  '’’hiis,  for  the  (0,0) 


transition 


<^jv!v 


<ns  j  JnpXns  U2i^"lp^ 


which  is  the  product  of  the  two  dipole  matrix  elements  divided  by  r  .  Similar 
expressions  are  obtained  for  the  other  resonances. 

Inserting  the  wavefunction  of  Equation  (2)  and  the  Hamiltonian  ” 

yields  the  pair  of  equations,  which  for  V  real  and  *  0  may  be  written  as  a 

single  equation 


“a 


V  Is  nearly  zero  everywhere  except  where  r  =  h,  where  It  reaches  a  maximum. 
Inspection  of  a  graph  of  V  versus  x  suggests  the  approxima t ion 


Y  h  h 

V=Ar  for  - 


V  =  0  elsewhere. 


Here  x  =  <ns  |  I  npXns  |  ^2  I  ( P”!  )  I  n> •  This  makes  the  V/V  term  =  n  and  suggests 
choosing  the  time  origin  so  that  the  Interaction  time  Is  0  <  t  <  b/v.  Thus 
the  problem  Is  reduced  to  precisely  the  magnetic  resonance  problem  described 
by  Ramsey.^® 


Initially  both  atoms  are  In  the  s  state;  thus,  ■  1  and  C^(0)  -  0. 

With  these  Initial  conditions,  for  0  <  t  <  b/v,  and  are  ;»lven  bv 

-iW.  _  IW  t 

-  (cos  (-Sj)  sin  e  —  (8) 

and 

„  ,  »  -12y  ^  /Ot^ 

Cp(t)  -  -y-i  sin  (-j)  e  — —  (q) 

b  a 

where  a  =  (Wg^  +  rx^/b^)^/^.  The  probability  P  of  finding  the  atoms  in  the 
two  p  states  is  given  by  Cg  (b/v).  Thus  we  may  write  the  probability  as 


4x^/b^ 


■>  1  •)  /  2  1/2  . 

2  1  2 .  4y  ,  b 


2  2  ~76^ 


ft  ^  _L  /  ^  ^  D  ,  U  V 

Wg  +  4x  /b  b 

For  P  =  I  at  resonance  (Wg  =  0),  this  defines  an  impact  parameter  b 


bg  =  2x/iiv 


The  cross  section  is  given  by 

00 

0  =  /  2irbP(b)db  (H) 

o 

Taking  P  =  1/2  for  b  <  b^  to  approximate  the  rapid  oscillations  and  numerical¬ 
ly  integrating  Equation  (12)  for  b  >  b^,  we  find 

2 

a  =  2 .3itb  n 


From  Fquatlons  (10)  and  (11)  it  is  apparent  that  the  width  of  the  resonances 
is  given  by 

/  •>  ,3  3  1/2 

.  iL  .  2=  .  (14) 

b  o 

o 

To  evaluate  the  cross  sections  and  collision  vrldths,  we  must  use  the 
actual  values  of  the  average  colllson  velocity  v  =  l.h  x  10“^  and  dipole 
moments  “  Vi2  *  0.60  n  .  Here  n  is  the  effective  quantum  number  of  the 
ns  state  of  binding  energy  W  =  -l/2n  Using  our  results.  Equations  (13)  and 
(14),  these  values  lead  to  cross  sections  and  widths  (FWHM)  given  by 


a  -  1.03  X  10“  n 


and 


A  -  2.64  X  10"5  n*"2 


(16) 


In  laboratory  units 


a  =  2.90  X  lO^n*^ 


(17) 


and 


A  “  1.74  X  10^  n*“^  GHz  (Ig) 

C.  Resonant  Collisions  of  ns,  nO,  and  nf  States 

The  energy  level  diagram  of  two  colliding  atoms  (which  need  not  even  be 
of  similar  species)  Is  shown  in  Figure  3.  The  relevant  energy  levels  are  | 1A> 
and  |2A>  for  atom  A  and  |lB>  and  |2B>  for  atom  B.  The  pair  of  states  |lA>  and 
|2A>  are,  In  principle,  any  pair  for  which  <2a|u|ia>  ^  0,  where  u  Is  the 
electrlc-dlpole-moment  operator;  this  applies  similarly  to  |lB>  and  |2B>. 

An  additional  requirement  for  the  resonant-collision  process,  in  fact  the 
most  basic  requirement,  is  that  the  condition  “  ^2^  ~  '^IP 

!  satisfied  at  some  value  of  the  electric  field.  Figure  4  shows  one  of  the 

several  pairs  of  states  for  which  these  two  basic  requirements  for  resonant 
collisions  is  satisfied.  For  Instance,  as  shown  in  Figure  4,  we  consider  the 
pair  of  states  ( 1A>=  ( lB>=20s,  |2A>=19p  ((mho),  and  |2B>-(n*19,  e=18).  -^o 

simnllfy  the  notation  the  manifold  of  Stark  states  shown  in  ’^Igure  4  (solid 
lines)  near  I9d  (long-dashed  line  above  the  20s  state)  is  labeled  hy  the  n,  ?, 
quantum  numbers.  Although  I  Is  no  longer  a  good  quantum  number  in  the  nre- 
sence  of  a  static  electric  field,  the  linear  Stark  states  are  adlahatlcally 
connected  to  the  zero-field  n)l|m|  states  in  a  unique  way.  For  instance,  the 
Stark  state  with  the  lowest  (highest)  energy  in  the  manifold  is  adlahatlcally 
connected  to  the  zero-field  state  with  the  lowest  (highest)  i.  Similarly, 
states  that  fall  between  the  two  extreme  members  of  the  manifold  are  adlabatl- 
cally  connected  to  the  zero-field  states  with  intermediate  values  of  I,  The 


state  with  the  highest  energy  in  the  n“19  manifold  is  therefore  labelled 
n  *  19,1  “  18.  In  the  above  example  m  "  <19p|u|20s>  »  200  a.ii.  is  quite 
large.  Although  the  dipole  matrix  element  connecting  208  to  the  n  »  19,1  *  18, 
|m|  0  state  of  the  Stark  manifold  is  zero  in  zero  field  (dipole  selection 
rule),  it  can  be  quite  large  when  a  relatively  low  electric  field  is  applied.  For 
instance,  calculations  show  that  U2  -  80  a.u.  at  E  »  .300  V/cm  due  to  the  Stark 
mixing.  Calculations  of  the  Stark  shift  show  that  the  resonance  condition  for  the 
process  (20s)  +  (20s)  +  (19p)  +  (n»19,l*18)  is  satisfied  at  F,  *  268  V/cm.  here 
|m|  =  0  for  both  the  final  states.  Using  the  calculated  value  of  g>j  =  80  a.u.  (at 

A  OO 

268  V/cm)  and  g^  =  200  a.u.,  we  obtain  o  =  10  A  .  This  cross  section  is 
comparable  to  the  cross  section  for  the  process  (20s)  +  (20s)  (19p)  +  20p)  and 

is  easily  observed.  Similar  calculations  for  the  general  process 
(20s)  +  (20s)  -►  (19p)  +  n=19,l)  or  (20s)  +  (208)  -►  (20p)  +  (n=18,l)  show  that 
the  cross  section  is  quite  large. 
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FIGURE  3 


SIMPLIFIED  ENERGY-LEVEL  DIAGRAM  CONSIDERED  FOR  THE 
RESONANT-COLLISION  PROCESS 

Atoms  A  and  B  (which  could  even  be  of  different  speciesi  have  energy 
levels  |1A  >,  I2A  >  and  11 B  >,  I2B  >,  respectively.  These  energy  levels 
are  tuned  (Stark-shifted)  by  the  static  electric  field 


Ill  EXPERIMENTAL  APPROACH 


In  the  experiments  described  in  this  report,  an  effusive  beam  of  Na  pas¬ 
ses  between  a  plate  and  a  grid  as  shown  in  Figure  5.  The  atoms  are  excited  in 
a  two-step  process  by  two  pulsed  dye  lasers;  the  first,  yellow,  laser  is  tuned 

O 

to  the  3s-3p  transition  at  5890  A,  and  the  second,  blue,  laser  is  tuned  to  the 

O 

3p-ne  transition  at  ~4140  A.  The  laser  excitation  and  subsequent  collisions 
occur  in  a  dc  electric  field  that  ranges  from  10-800  V/cm  in  these  experi¬ 
ments.  At  a  variable  time  after  the  laser  excitation,  a  positive  high  voltage 
pulse  is  applied  to  the  field  plate  ionizing  the  Rydberg  atoms  and  accelerat¬ 
ing  the  resulting  ions  into  the  electron  multiplier.  The  electron  multloller 
signal  is  averaged  using  a  boxcar  averager  and  recorded  with  a  chart  recorder. 

The  selectivity  of  electric  field  lonization^^  enables  us  to  identify 
states  present  at  the  time  the  field  ionizing  pulse  is  applied.  Thus  we  are 
able  to  monitor  the  populations  in  the  ns,  np,  (n-l)p,  nd,  (n-l)d,  or 
the  (n-l)f  states  as  functions  of  time  after  the  laser  pulse  and  dc  electric 
field. 

The  atomic  beam  is  collimated  to  a  0.4-cm  diameter  in  the  interaction 

Q  ..‘J 

region,  has  a  density  of  ~  10  cm  ,  and  is  assumed  to  have  the  modified 
Maxwellian  velocity  distribution  characteristic  of  a  500°C  beam.  The  laser 
beams  are  focussed  to  0.5  mm  diameter  in  the  interaction  region,  are  usually 
approximately  colllnear,  and  cross  the  atomic  beam  at  right  angles  as  shown  in 
Figure  5.  With  both  laser  beams  crossing  the  atomic  beam  at  *>0®,  the  excita- 
tion  volume  is  a  cylinder  of  volume  10  cm  .  Typical  densities  of  excited 
atoms  are  ~  10^  cm^. 

The  electron  multiplier  gain  is  measured  to  be  5  x  10^  and  has  a  speci¬ 
fied  quantum  efficiency  of  30%.  Including  the  20-dh  (power)  gain  of  the 
amplifier  after  the  multiplier,  we  find  that  overall,  one  Rydberg  atom  leads 
to  ~  1.9  X  10~1^  coulomb  of  signal. 


IV  RESF.ARCH  ACCOMPLISHMENTS 


A.  Resonant  Collisions  of  Two  np  Rydberg  Atoms 

Before  describing  In  detail  the  cross  section  measurements,  It  Is  useful 
to  present  qualitative  observations  that  both  Identify  the  collision  process 
and  suggest  the  method  used  to  measure  the  cross  sections.  The  most  striking 
feature  of  our  observations  Is  the  sharply  resonant  Increase  In  the  popula¬ 
tions  when  the  levels  are  tuned  Into  resonance  with  the  field.  An  example  Is 
shown  In  Figure  6,  which  Is  a  recording  of  the  population  In  the  17p  state  as 
a  function  of  dc  field  2  ys  after  the  17s  state  Is  populated  by  the  lasers. 

The  sharp  Increases  In  signal  at  516  V/cm,  537  V/cm,  544  V/cm,  and  566  v/cn 
are  due  to  the  resonant  17s  +  17s  -*■  16p  +  17p  collisions  that  occur  as  shown 
in  Figure  1.  As  mentioned  earlier,  the  resonances  are  labeled  by  the  lmj^| 
values  of  the  final  lower  and  upper  p  states,  which  are  determined  from  the 
field  Ionization  behavior  of  the  signal  In  the  lowest  n  states  studied.  The 
resonant  signal  Is  approximately  quadratic  in  the  power  of  the  blue  laser, 
whereas  the  total  population  Is  linear,  as  shown  by  Figure  7.  This  suggests 
that  the  resonant  signal  Is  either  due  to  an  effect  that  depends  on  collisions 
with  photoions  produced  by  the  absorption  of  two  blue  laser  photons  or  to  an 
effect  varying  as  the  square  of  the  number  of  excited  atoms.  Since  there  are 
no  photoions  observed,  we  can  immediately  rule  out  the  first  possibility. 
Considering  the  small  size  of  photoionization  cross  sections  for  Rydberg  atoms 
by  visible  photons^^  and  the  likelihood  of  a  resonant  process,  this  seems  un¬ 
likely  In  any  case. 

B.  Measurement  of  the  (ns)  +  (ns)  (np)  +  (n-l)p  Cross  Sections 

If  we  allow  collisions  to  occur  for  a  time  T  during  which  time  a  small 
fraction  of  the  Initial  population  In  the  ns  state  is  colllslonallv  trans¬ 
ferred  to  the  np  and  (n-l)p  states,  then  the  population  Np  In  the  np  (and 
n-l)p  state  will  be  given  by 
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FIGURE  6  THE  OBSERVED  17p  ION  SIGNAL  AFTER  POPULATION 

OF  THE  17s  STATE  VERSUS  dc  ELECTRIC  FIELD,  SHOWING 
THE  SHARP  COLLISIONAL  RESONANCES 

The  resonances  are  labeled  by  the  |m^ ;  values  of  the  lower  and  upper 
p  states. 


POPULATION  (ARBITRARY  UNITS) 


where  is  the  Initial  ns  state  population,  o  is  the  cross  section  for  the 
process,  v  Is  the  average  collision  velocity,  and  V  is  the  sample  volume. 

Eq.  (19)  may  be  easily  inverted  to  give  the  cross  section.  In  doing  so, 
it  is  convenient  to  replace  Ng  and  Np  by  the  observed  signals  M'g  and  ff'p» 
which  are  related  to  N  and  N_  by  F,  the  overall  sensitivity.  Thus  we  may 

5  p 

write 


By  measuring  the  ratio  as  a  function  of  n,  we  may  determine  with  good 

accuracy  the  n  dependence  of  the  cross  section.  Measurements  of  the  quanti¬ 
ties  in  brackets  give  the  absolute  cross  sections.  Because  of  the  large  dif¬ 
ference  in  the  fields  at  which  the  Na  ns  and  np  states  ionize,  these  two  are 
in  all  cases  easily  time  resolved.  Because  of  the  small  difference  in  the 
fields  at  which  the  ns  and  (n-l)p  states  ionize,  these  are  not  always  clearly 
resolved  under  these  conditions;  however,  this  has  no  effect  on  the  determina¬ 
tion  of  the  cross  sections.  With  a  50-ns-wlde  gate  we  observe  only  the  np 


state  signal,  which  comes  first,  yielding  N*p,  and  with  a  500-ns-wide  gate  we 
observe  at  the  same  time  the  entire  ion  signal,  from  the  np,  ns,  and 
(n-l)p  states. 


A  typical  example  of  a  sweep  through  the  collisional  resonances  is  shown 
in  Figure  8  for  the  excitation  of  the  23s  state  for  two  laser  powers. 

Figures  8a  and  8b  are  recordings  of  N'23p,  the  number  of  atoms  in  the  23p 
state  at  two  laser  powers.  Figures  8a'  and  8b',  in  the  inset,  show  the  corre¬ 
sponding  simultaneous  measurements  of  N'^,  the  number  of  atoms  in  the  22p, 

23s,  and  23p  states,  and  these  values  are  clearly  unaffected  by  the  colli¬ 
sional  resonances.  In  Figures  8a  and  8b,  the  quadratic  dependence  of  the 
resonant  signal  on  blue  laser  power  is  quite  apparent,  whereas  the  background 
(nonresonant)  signal  in  Figures  8a  and  8b  as  well  as  the  signal  in  Figures  8a' 


and  8b'  are  clearly  linear. 

Table  I  gives  the  values  of  the  electric  field  positions  at  which  the  re¬ 
sonances  occur.  Figure  9  shows  the  n  dependence  of  the  positions  of  the  (0,n) 
and  (1,1)  resonances,  whose  locations  are  given  by 
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FIGURE  8  (a)  THE  POPULATION  OF  THE  23p  STATE  2  lui  AFTER  THE 

POPULATION  OF  THE  23s  STATE  SHOWING  THE  COLLISIONAL 
RESONANCES 

Notice  that  the  (0,  1 )  and  (1,0)  resonances  are  not  resolved  in  this  trace 
(b)  The  same  as  la)  except  with  40%  of  the  blue-laser  power  (a’l  A  record¬ 
ing  of  the  total  populations  in  the  23s.  22p,  and  23p  states  taken  simult jneouslv 
with  (a),  lb')  A  recording  of  the  total  populations  in  the  23s,  22p,  and  23p 
states  taken  simultaneously  with  (bl. 


16s 

741(15) 

770(15) 

781(15) 

813(16) 

17s 

516(10) 

537(10) 

544(10) 

566(10) 

18s 

364(8) 

387(8) 

393(8) 

405(8) 

20s 

201(4) 

210(4) 

214(4) 

222(4) 

23s 

91(2) 

94.5(20) 

95.9(20) 

100(2) 

25s 

56.5(13) 

--59.0(13)®— 

63.1(14) 

27s 

36.6(8) 

—38.7(8)®— 

41.1(8) 

E^(l,l)  =■  V/cm 


(21b) 


The  field  width  (FIJHM)  of  the  resonances  are  given  in  Table  TI.  Note  that 
these  widths  are  not  appreciably  broadened  by  spatial  inhomogeneities  in  the 
applied  dc  field. 


Physically,  it  is  the  frequency  width  of  the  resonances  in  which  we  are 

really  interested,  and  we  have  used  an  approximate  method,  based  on  a  sugges¬ 
ts 

tion  of  Cooke.  The  frequency  widths  of  the  resonances  are  given  in 
Table  Til.  The  widths  of  the  resonances  are  the  sum  of  the  collislonal  width 
and  unresolved  fine  structure  as  shown  in  Figure  10.  Note  that  the  Im^jj  =  1 
states  are  split  by  Afg,  which  Is  given  bv 


fso 


fs 


(22) 


where  A^g^  is  the  fine  structure  Interval  of  the  zero  field  p  state  and  k  is 
the  amount  of  p  character  remaining  in  the  nominal  p  state  in  the  electric 
field.  At  these  fields  k  ~  0.85  and  0.73  for  the  lower  and  upper  p  states, 
respectively.  From  Figure  10  it  is  clear  that  the  (0,0)  resonance  reflects 
only  the  collislonal  width;  the  other  resonances  have  additiona”!  width  from 
the  unresolved  fine  structure.  Figure  11  plots  the  difference  in  the  observed 
widths,  A(l,l)  -  A(0,0),  n*^  and  shows  the  calculated  value  of 
Afs  upper  "*■  ^fs  lower*  which  is  in  good  agreement  with  the  data.  In 
calculating  A^g  upper  ^fs  lower*  have  used  the  previously  determined  np 
fine  structure  Intervals. 

From  the  previous  discussion  it  is  clear  that  the  (0,0)  resonance  is  the 
only  good  probe  of  the  collision  width.  The  n*  variation  of  the  width  of  the 
(0,0)  resonance  (FWHM)  is  given  by 


W(0,n)  =  235(40)n*"l-^5(^-^^  (GHz) 


(23) 


Figure  12  plots  the  observed  widths  of  the  (0,0)  resonance  and  calculated 
dependence  from  Fq.  (26).  Note  that  A(0,0)  scales  as  in  agreement 

an 

with  the  predicted  n  scaling,  and  is  in  reasonable  agreement  with  the  calcu¬ 
lated  magnitude.  To  simplify  the  presentation,  we  have  corrected  the  observed 


16s 

4.0(8) 

6.7(14) 

4.6(9) 

7.2(14) 

17s 

3.4(7) 

4.8(10) 

4.2(8) 

5.3(11) 

18s 

2.7(6) 

4.0(8) 

3.6(8) 

3.9(8) 

20s 

1.8(A) 

2.7(4) 

2.7(5) 

2.4(5) 

23s 

1.35(50) 

— 

— 

1.45(30) 

25s 

0.8(2) 

— 

— 

1.15(22) 

27s 

0.55(20) 

— 

— 

0.67(140) 

Table  III 


FREQUENCY  WIDTHS  OF  THE  RESONANCES 


ns  Scate/Resonance 
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FIGURE  11  THE  DIFFERENCE  IN  WIDTHS  OF  THE  1.1  AND  0,0 

RESONANCES  (•)  AND  A  PLOT  OF  THE  CALCULATED 
VALUE  OF  A.  ( - ) 


2 

N'p/N'g  ratios  to  account  for  s  state  depletion;  these  are  presented  In 
Table  IV,  along  with  the  radiative  lifetimes  of  the  ns  states.  The  N'p/N'g^ 
ratios  are  proportional  to  the  cross  sections  and  give  the  variation  of  the 
cross  sections  with  n. 

By  evaluating  the  quantity  In  the  braces  of  Eq.  (30),  we  obtain  absolute 
values  for  cross  sections.  The  values  used  are  T  ■  5.2  x  10^^  atoras/coulomb, 
T^lys,  v*3.5x  10^  cm/s,  and  V  “  10”^  cm"’.  We  estimate  the  errors  In 
this  normalization  to  be  at  most  of  a  factor  of  five.  With  the  error  bars  of 
the  relative  cross  sections  from  Table  IV,  the  observed  cross  sections  can  be 
expressed  as 

o  -  3.3(6)  X  10^  n*^-^^5)  ^2 


whlci.  Is  In  good  agreement  with  the  calculated  values  of  Section  TI. 

Figure  13  plots  the  observed  cross  sections  and  the  theoretical  result.  Equa¬ 
tion  (17),  logarithmically  n*^. 

C.  Generalized  Resonant  Collision  of  Rydberg  Atoms 


We  first  describe  the  resonant  collision  process  (20s)  +  (20s)  (ISp)  +  (191) 
or  (20s)  +  (20s)  +  (70p)  +  (ISl).  Note  that  1  Is  used  as  a  label  for  the 
energy  eigenstates  to  simplify  the  notation.  Although  we  have  observed  the 
resonant  collision  process  from  other  ns  states  (n  »  18-2A),  we  describe  here 
the  observations  made  with  the  20s  state.  Resonant  collisions  between  Na  at¬ 
oms  In  other  ns  states  (n  »  18-24)  give  qualitatively  similar  results. 

Figure  14  shows  the  trace  of  the  Ion  signal  that  represents  the  population  In 
the  20p  state  or  the  191  state  as  the  static  electric  field  Is  increased.  The 
three  resonances  on  the  left-hand  side  are  the  collislonal  resonances 
described  in  the  previous  section  and  correspond  to  the  ns  state  lying  midway 
between  the  np  and  the  (n-l)p  state.  In  Figure  14  the  second  feature  on  the 
left-hand  side  consists  of  two  unresolved  resonances  (see  below).  The  sharp 
Increases  In  the  Ion  current  represent  large  collislonal  transfers  to  the  20p 
state.  Since  the  20p  state  and  191  states  with  hlgh-1  field  Ionize  at  a  lower 
field  than  does  the  Initially  excited  20s  state,  vre  set  the  amplitude  of  the 
f leld-lonlzatlon  pulse  so  that  only  the  20p  and  the  hlgh-1  states  of  the  n=19 
manifold  are  fleld-ionlzed.  In  this  way  we  obtain  a  signal  only  If  the  atoms 
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FIGURE  14  PLOT  OF  ION  CURRENT  AS  A  FUNCTION  OF  THE  APPLIED  STATIC  FIELD 
FOR  THE  Na  ATOMS  INITIALLY  EXCITED  TO  THE  20s  STATE 

Sharp  resonances  show  the  large  transfer  of  population  into  the  20p  state  or  the 
high-t  states  (t  =  18  or  1 7)  or  the  n  =  19  manifold. 


end  up  In  the  20p  or  the  nearby  high-1  states  of  n*19  manifold.  Note  that  the 
|mj^j  *0  and  1  splitting  of  the  p  states  leads  to  four  resonances.  We  label 
these  resonances  by  the  pair  of  nl  |inj|  values  for  the  lower  and  upper 
states.  At  this  point  we  note  that  experimentally  we  only  observe  the  trans¬ 
fer  of  population  to  the  upper  state  (state  with  the  higher  energy).  We 
assign  the  other  final  state  Involved  In  the  collision  process  by  calculating 
the  Stark  shift^^  of  the  relevant  states. 

The  resonances  recorded  In  Figure  14  are  labeled,  In  the  order  of 
Increasing  field,  as  follows:  (19,1,0;20,1,0) ,  observed  at  202  V/cm; 
[(19,l,l;20,l,n)  and  (19,1 ,0;20,1 ,1)1  observed  at  212  V/cm;  and  (19 ,1 ,1 ;20 ,1 ,1) 
observed  at  223  V/cm.  The  square  brackets  indicate  that  the  two  calculated 
resonances  contained  Inside  are  experimentally  unresolved.  The  pair  of  three 
numbers  In  the  brackets  corresponds  to  the  n,l,|mj^(  quantum  numbers  of  the  two 
final  states  Involved  In  a  given  resonance.  For  Instance,  the  first  resonance 
In  Figure  14  Is  labeled  as  (19,1,0;20,1,0)  where  )lA>«| lB>='20s=(20,0,0) , 
|2A>*(19,1 ,0) ,  and  |2B>*(20,1,0).  In  Figure  14,  when  the  electric  field  Is 
increased  beyond  250  V/cm,  additional  sharp  resonances  appear.  These 
resonances  Indicate  a  large  transfer  of  population  Into  either  the  20p  state 
or  the  high  members  of  the  n*19,122  manifold.  The  blue-laser-intensity  depen¬ 
dence  of  these  resonances  (at  lower  laser  power)  shows  that  the  observed 
signal  Is  quadratic  (to  within  ±10%)  in  laser  Intensity,  implying  that  the 
observed  resonances  are  colllslonal  signals  Involving  two  Fa(ns)  atoms. 

Colllslonal  resonances  observed  at  even  higher  fields  are  shown  in 
Figure  15.  Since  the  fleld-lonlzatlon  thresholds  for  the  2np  and  the  higher 
energy  state  of  the  n-19  manifold  are  almost  Identical,  it  Is  frequently 
difficult  to  distinguish  between  these  states  using  our  experimental  detection 
scheme.  However,  we  can  accurately  calculate  the  Stark  shlft^^  of  these 
states  and  assign  two  unique  Initial  and  final  n,l,|m^|  labels  to  each  of  the 
sharp  resonances  seen  In  Figure  14.  For  Instance,  the  first  resonance 
(at  E  =  255  v/cm)  on  the  hlgh-fleld  side  of  the  previously  observed 
resonant-collision  resonances  Is  labeled  [(19,18 ,0; 19 ,1 ,0) , (19,18 ,1; 19 ,1 ,0) ]  . 
Again,  the  pair  of  resonances  in  the  square  brackets  Indicates  that  these 
resonances  are  experimentally  unresolved. 

Table  V  shows  the  calculated  positions  of  the  four  hlgh-fleld  resonances 
seen  In  Figure  14  In  terras  of  the  static  electric  field.  Similarly,  the 


resonances  observed  at  even  higher  fields  (see  Figure  15)  can  he  assigned  a 
pair  of  final  n,l,|ra2^|  states.  It  is  clear  that  at  higher  fields  some  of  the 
resonances  overlap.  For  Instance,  the  resonance  seen  in  Figure  14  at  approxi¬ 
mately  278  V/cm  is  in  fact  composed  of  four  unresolved  resonances.  In  some 


cases  we  can  verify  the  calculated  [raj^l  assignment  of  the  resonances  by  using 
the  fact  that  states  with  different  |mj^|  have  sllghtlv  different  SFT  thresh¬ 
olds.^^  For  instance  |mj^|  =  1  states  in  the  vicinity  of  20p  have  a 


f leld-lonlzatlon  threshold  that  is  approximately  4.5%  higher  than  that  for 
|mj^|  »  0  states. 

The  |mj^|  labeling  of  the  first  few  colllslonal  resonances  is  experiment¬ 
ally  confirmed  in  Figure  16,  where  the  solid  trace  was  obtained  at  a  peak  SFT 
field  sufficient  to  field-lonlze  only  the  component  of  the  20p  and  the 

in  Figure  16  was  similarly  obtained  with  the  SFT  amplitude  set  to  detect 
|mj^|=l  component  of  the  upper  state  (E^.3  kV/cm).  Comparison  of  Figures  14 
and  16  indicate  a  resolution  of  the  resonances  in  terms  of  the  final  |mj^| 
quantum  number.  For  Instance,  the  solid  and  broken  traces  in  Figure  16,  which 
indicate  the  |mj^|*0  and  1  resonances,  respectively,  show  that  the  resonance 
observed  at  E=»255V/cm  in  Figure  14  is  in  fact  composed  of  two  partially  over- 
laoplng  resonances.  This  experimental  observation  is  in  agreement  with  the 
calculated  positions,  as  indicated  in  Table  V.  Resonances  with  overlapping 
final  states  with  the  same  |m]^|  cannot  be  resolved  in  any  straightforward 
manner. 

D.  Observations  of  Na(nd)  +  Na(nd)  -»  Na[(n  +  l)f)]  +  Na(np) 

Resonant  Collisions 

Although  we  have  so  far  described  observations  of  the  resonant  collisions 
with  Na  atoms  Initially  in  ns  states,  there  are  no  fundamental  limitations  to 
the  use  of  other  Pydberg  states.  For  instance,  at  relatively  low  fields 
(17  V/cm),  the  process  (15d)  +  (15d)  +  (15p)  +  (16f)  becomes  resonant.  This 
process  is  confirmed  by  our  observation  of  a  sharp  transfer  of  population  into 
the  I6f  state,  as  shown  in  Figure  17.  The  SFT  pulse  amplitude  in  Figure  17  Is 
set  to  detect  states  with  n*  ~  16  (for  instance,  16d  or  16f)  are  detected  via 
the  ion  multiplier.  At  zero  electric  field  (see  Figure  17)  a  very  small  non¬ 
resonant  black-body-radlatlon-lnduced  signal  Is  observed.  Large  ion  signals 
are  observed  when  the  electric  field  is  set  around  17  and  23  V/cra.  ^'rom  the 
Stark-shift  calculations,  it  is  clear  that  at  low  fields  the  only  resonance 


E  (V/cm) 

SA-8461-54 

FIGURE  16  PLOT  OF  ION  CURRENT  (SOLID  TRACEI  SIMILAR  TO  THAT 
SHOWN  IN  FIGURE  14  EXCEPT  THAT  THE  SFI  IS  SET  TO 
DETECT  ONLY  THE  ImJ  =  0  COMPONENT  OF  THE  20p  AND 
THE  NEARBY  n  =  19.  HIGH-t  STATES 

Broken  trace  is  a  recording  of  the  ImJ  =  1  final  states;  discrimination 
is  based  on  the  temporal  resolution  of  ion  signals  from  the  m  =  0 
and  1  states. 


E  (V/cm) 


SA-8461  -53 

FIGURE  17  PLOT  OF  THE  ION  CURRENT  REPRESENTING  THE  POPULATION 
IN  THE  16f  STATE  (OR  A  NEARBY  STARK  STATE)  AS  A  FUNCTION 
OF  THE  STATIC  ELECTRIC  FIELD 


Atoms  are  initially  excited  to  the  15d  state.  Amplitude  of  the  SFI  pulse 
is  set  to  ionize  states  with  n*  =  16. 


condition  occurs  for  the  process  (15d)  +  (15d)  +  (16f)  +  (15p);  that  is,  the 
15d  state  lies  midway  between  I6f  and  I5p.  The  fine-structure  splitting  of 
the  15p  state  results  in  the  two  resonances  observed  at  17  and  23  V/cm, 
respectively.  From  our  calculations  of  Stark  wave  functions^^  for  the  Ma 
Rydberg  states,  we  obtain  ij|^*<19p  (ijj20a>”200  a.u.  and  U2“<n=19,l“18 1  m20s>“80 
a.u.  for  the  (19,18,0; 19,1 ,0)  collision  resonance  observed  at  255  V/cm  in 
Figure  lA.  For  the  (20,1,0;19,1,0)  resonance,  a.u.  The  calculated 

ratio  between  the  cross  sections  for  the  (19,18,0;19,1,0)  and  (20,1 ,0; 19 ,1 ,0) 
resonances  is  therefore  approximately  0.4.  From  Figure  14  (and  other  similar 
data  not  shown  here)  we  see  the  observed  ratio  is  approximately  0.4  (see  also 
Table  VI).  Calculated  cross  sections  of  some  of  the  hlgh-fleld  (|mj^|*0) 
resonances  and  their  ratio  compared  to  Che  lowest-fleld  resonance,  the 
(20,1 ,0; 19,1 ,0)  cross  section,  are  listed  in  Table  VI.  As  shown  by  Table  VI, 
the  magnitude  of  the  cross  section  depends  directly  on  the  product  of  the 
dipole  matrix  elements,  not  on  the  geometric  size  of  the  atoms,  which  is 
roughly  constant  for  all  the  cases  listed  in  Table  VI.  Conversion  of  the 
electric  field  scale  to  the  frequency  scale  indicates  that  the  widths  of  the 
observed  resonances  are  approximately  2  GHz  (see  Figure  14). 

Finally,  we  have  also  observed  resonant  collisions  between  two  Na  atoms 
with  1>2.  The  Na  atoms  are  initially  excited  to  an  nd  state  and  subsequently 
excited  to  an  nl  state  by  applying  a  microwave  field  in  the  presence  of  a 
small  static  field  (approximately  20  V/cm).  Resonant  collisions  between  a 
pair  of  laser-mlcrowave-exclted  atoms  then  result  in  one  of  the  atoms  being 
excited  to  a  state  with  n*  ~n  +  1.  Since  the  FI  threshold  of  the  final  state 
following  the  microwave  transition  and  the  subsequent  resonant  collision  is 
much  lower  than  that  for  the  initial  laser-excited  state,  using  the  SFT  tech¬ 
nique,  we  can  detect  the  final  state  with  a  high  slgnal-to-hackground  ratio. 
We  have,  in  fact,  observed  microwave  transition  from  the  18d  (and  Ifid)  state 
using  the  resonant  collisions.  The  I8d-181  (1>_2)  transitions  occur  as  the 
microwave  frequency  is  swept  from  12.4  to  18.0  GHz  in  the  presence  of  a 
20-V/cm  electric  field.  These  microwave  transitions  are  easily  detected  with 
the  SFI  amplitude  set  to  detect  states  with  n*  =  10. 

From  the  above  discussion  and  from  Figure  14,  it  is  clear  that  the  newly 
observed  resonant-collision  process  (ns)  +  (ns)-*’(np)  +  [(n-l)Jl] 

(or  (ns)  +  (ns)+[ (n-l)p]  +  nl)  occurs  quite  generally  has  a  large  cross 


Table  VI 


section,  approximately  10°  A^,  at  resonance,  and  Is  easily  observed.  The 
large  cross  sections  and  narrow  llnewldths  observed  are  largely  due  to  the 
long-range  dlpole-dlpole  Interaction  between  highly  polarizable  Rydberg 
atoms.  Because  of  the  large  collision  cross  section  and  the  long  interaction 
time  (approximately  1  ns),  it  appears  possible  to  observe  microwave-assisted 
collisions  similar  to  the  one  observed  recently  for  the  process 
(ns)  +  (ns)  +  hv  ■►(np)  +  [(n-l)p].  Thus,  it  is  quite  feasible  to  observe 
resonant  collisions  between  atoms  of  two  different  species.  Resonant  colli¬ 
sions  Involving  higher  multipole  Interactions  between  two  atoms  are  also 
feasible. 
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V  SUMMARY 


Under  this  contract,  we  have  perfomed  systematic  experiments  Involving 
resonant  collisions  of  sodium  Rydberg  atoms.  Specifically,  we  have  measured 
the  resonant  collision  cross  section  and  the  llnewldth  as  a  function  of  the 
principal  quantum  number  n. 

We  have  also  Investigated  the  generalized  resonant  collisions  Involving 
collisions  of  nl  states  with  i.  up  to  3.  Finally,  we  have  developed  the  ge¬ 
neral  theory  for  these  collisions  and  have  obtained  good  agreement  with  our 
observations. 
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Resonant  Rydberg- Atom -Rydberg- Atom  Collisions 

K.  A.  Safinya,*^’  J.  F.  Delpech,^"  F.  Gounand/'*  W.  Sandner,“”  and  T.  F.  Gallagher 
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(Received  22  June  1981) 

We  have  observed  the  sharply  resonant  enhancement  of  the  cross  section  of  the  collision 
processRs  *ns  —  np  +  (n  -  Dp  between  two  Nans  (16-  n  ■  27)  atoms  which  occurs  when 
the  levels  are  shifted  by  an  electric  field  so  that  the  ns  level  lies  midway  between  the  two 
p  states.  The  widths  of  the  collisional  resonances  scale  as  n'^  and  the  magnitudes  of  the 
cross  sections  as  n*,  with  values  of  0.5  GHz  and  8' 10®  A-  for  the  20s  state.  These  results 
are  in  good  agreement  with  calculations  based  on  the  long-range  dipole-dipole  interaction 
between  the  two  atoms. 


PACS  numbers:  32.80.-t,  32.60.  +  i,  42. 65.9V 

In  collisional  transfer  of  internal  energy  from 
atom  A  to  atom  (or  molecule)  B  it  is  expected 
that  if  the  collision  is  resonant,  i.e.,  atom  A 
loses  as  much  internal  energy  as  atom  B  gains, 
the  cross  section  will  be  enhanced.*  In  low  -lying 
states  it  is  difficult  to  study  the  effect  in  a  sys¬ 
tematic  fashion  since  one  must  rely  upon  chance 
coincidences  in  the  energy  levels.  On  the  other 
hand,  atomic  Rydberg  states  are  well  suited  for 
such  studies  for  two  reasons.  First,  for  many 
collision  processes  they  have  large  cross  sec¬ 
tions,  which  should  allow  the  long  interaction 
time  necessary  to  produce  sharp  collisional 
resonances.  Second,  the  energy  spacings  of 
Rydberg  states  may  be  varied  in  a  systematic 
fashion.  The  most  apparent  approach  is  to  vary 
the  energy  spacings  by  studying  a  progression  of 
n  or  I  states ,  where  n  and  I  are  the  principal  and 
orbital  angular  momentum  quantum  numbers. 
Variation  of  n  has  already  been  used  to  study 
resonant  electronic-to-vibrational  energy  trans¬ 
fer  from  Rydberg  states  of  Na  to  CH^  and  CD^,^ 
and  electronic -to-rotational  energy  transfer  from 
Rydberg  states  of  Xe  to  NH,.’  The  widths  of  the 
resonances  in  these  collision  cross  sections  are 
50  and  6  cm'*,  respectively,  far  narrower  than 
any  previously  observed.  Changing  n  or  /  limits 
the  tuning  to  discrete  steps;  however,  it  is  possi¬ 
ble  to  continuously  tune  the  atomic  levels  with 
use  of  electric  or  magnetic  fields,  which  is  of 
course  essential  to  observe  very  sharp  resonances. 

Here  we  report  the  use  of  electric  field  tuning 
to  observe  resonant  collisions  of  two  Rydberg 
atoms.  Specifically,  we  observe  that  when  the 
electric  field  is  tuned  so  that  an  initially  populat¬ 
ed  ns  state  lies  midway  between  the  two  p  states 
above  and  below  it ,  two  atoms  in  the  ns  state 
collide  to  yield  one  atom  in  each  of  the  two  p 
states.  At  resonance  the  process  has  a  large 
cross  section,  -  10®  times  the  geometric  cross 


section  which  is  the  expected  cross  section  for 
nonresonant  collision  processes.*  Such  large 
cross  sections  lead  to  long  interaction  times  of 
-  1  ns  or  resonant  widths  of  ~  0.03  cm"  *,  a  width 
more  characteristic  of  spectroscopy  than  colli¬ 
sions. 

In  these  experiments  Na  atoms  in  an  effusive 
thermal  beam  are  crossed  at  90*'  by  two  collinear 
pulsed-dye-lascr  beams  which  excite  them  via 
the  route  3s  -  -  ns  to  ns  states  where  16  n 

s  27.  Typically  the  yellow  3s  -  ^  transition  was 
saturated,  but  the  blue  ip  -  ns  transition  was  not. 
After  the  laser  pulse  the  atoms  collide  with  each 
other,  and  the  final-state  distribution  is  analyzed 
as  a  function  of  time  after  the  laser  excitation  by 
using  selective  field  ionization  which  enables  us 
to  discriminate  between  the  states  of  interest,  in¬ 
cluding  the  Ini  I  values  of  the  p  states.®  Here  m 
is  the  component  of  orbital  angular  momentum 
along  the  field  direction.  As  noted  above,  the  ex¬ 
periment  is  carried  out  in  the  presence  of  a  dc 
electric  field  which  serves  to  tune  the  levels  as 
shown  in  Fig.  1  for  the  19/>,  20s,  and  20/>  states. 
Note  that,  because  of  the  splitting  of  the  |ni|  =0 
and  1  levels  of  the  p  states,  there  are  in  fact  four 
values  of  the  electric  field  (resonances)  at  udiich 
the  s  state  lies  midway  between  the  two  p  states. 

The  cross  sections  are  determined  by  meas¬ 
uring  the  number  of  atoms  .V^  collisionally  trans¬ 
ferred  to  the  up  state  and  the  number  of  atoms 
.V,  excited  to  the  ns  state.  In  the  limit  where 
only  a  small  fraction  of  the  initial  ns  population 
is  collisionally  transferred  to  the  p  states  we 
may  express  the  population  at  a  time  t  after 
the  laser  excitation  as 

.V,  =.v/<7r( 'r,  (1) 

where  cr  is  the  cross  section  for  the  process  ns 
*ns- np  +  {n  -  l)p ,  F  is  the  average  collision 
velocity,  and  V  is  the  sample  volume.  To  ac- 
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count  for  the  depletion  of  the  ns  state  by  colli¬ 
sions  and  radiative  decay  we  use  the  average 
value  of  Af,  while  the  collisions  are  occurring. 
From  Eq.  (1)  it  is  immediately  apparent  that  if 
the  second  laser  excitation  step  is  not  saturated, 

N,  will  be  linear  in  blue-laser  power  while  is 
quadratic.  We  actually  observe  signals  '  and 
Nf '  which  are  related  to  S,  and  V,  by  a  factor 
r,  the  inverse  of  the  detector  sensitivity.  It  is 
useful  to  rewrite  Eq.  (1)  as 

a  =  (JV,'/N/*)[V/rt7f].  (2) 

From  Eq.  (2)  it  is  apparent  that  we  can  measure 
the  relative  cross  sections  by  obtaining  the  ratio 
V,  '/V, '  *,  leaving  all  other  parameters  fixed. 
Absolute  normalization  of  the  cross  sections  re¬ 
quires  the  values  of  the  quantities  in  the  square 
brackets. 

To  obtain  the  cross  sections  we  field  ionize  the 
atoms  2  us  after  the  laser  excitation  and  set  the 
amplitude  cf  the  ionizing  pulse  so  that  the  signals 
from  the  up,  ns,  and  («  -  l)p  states  are  temporally 
well  resolved.’  With  a  narrow  SO-ns  gate  we  re¬ 
cord  only  the  signal  and  with  a  wide  500-ns 
gate  we  record  the  entire  signal  as  we  sweep  the 
dc  field  in  the  vicinity  of  the  four  resonances. 

The  entire  signal  is  easily  related  to  the  average 
value  of  N, '  by  its  observed  time  dependence. 
These  two  measurements  give  V, '  and  V, '.  In 
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FIG.  1.  Energy  levels  for  the  19/>,  20s,  and  20p 
states  in  an  electric  field.  The  collisional  resonances 
are  shown  by  the  arrows. 


Fig.  2  we  show  ' ,  the  2Qp  signal  observed  after 
excitation  of  the  20s  state,  as  a  function  of  dc 
field  for  two  blue-laser  powers.  The  background 
signal,  such  as  is  observed  at  £  -  250  V/cm,  is 
due  to  blackbody-radiation-induced  transitions’ 
and  depends  linearly  on  N, '  and  the  blue -laser 
power.  The  four  sharp  peaks  above  the  blackbody 
signal  are  due  to  resonant  collisions  and  are 
obviously  quadratic  in  the  blue-laser  power.  The 
resonances  are  labeled  by  the  |m|  values  of  the 
lower  and  upper  p  states  (see  Fig.  1). 
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FIG.  2.  Signal  from  the  20p  state,  after  population 
of  the  20s  state,  vs  dr  elect  nr  field  at  two  ext  iting 
laser  powers;  (a)  1.0  and  (b)  0.4.  The  background 
signal  (at  190  or  250  V  cml  is  due  to  blackbody  radia¬ 
tion  and  is  linear  in  laser  power.  The  collisional  reso¬ 
nance  signals  are  clearly  quadratic  in  power.  The  col- 
lisional  resonances  are  labeled  by  the  I  m  .  values  of 
the  lower  and  upper  p  slates  (see  Fig.  li. 
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From  the  values  of  N, '  and  N, '  we  obtain  the  « 
variation  of  the  cross  section  which  scales  as 
2*0.3)  jg  shown  with  its  errors  in  Fig. 
Here  is  the  effective  quantum  number  of  the 
ns  state  whose  binding  energy  H’  is  given  by  W 
=  -  1  To  provide  a  feeling  for  the  magni¬ 

tude  of  the  cross  sections  we  have  put  Fig.  3  on 
an  absolute  basis  by  evaluating  the  parameters 
in  the  square  brackets  of  Eq.  (2).  The  sample 
volume  V  is  defined  by  the  diameter  of  the  laser 
beams  (0.05  cm)  and  the  width  of  the  atomic  beam 
(0.4  cm)  to  be  10’’  cm’.  From  the  velocity  distri¬ 
bution  of  the  beam  we  estimate  F  to  be  5x  1(T  cm ' 
s.  Time- resolved  measurements  indicate  that 
collisions  occur  for  1  a  time  which  is  de¬ 
termined  by  the  geometry  of  the  excitation  volume 
and  the  velocity  distribution;  thus  we  take  t  =  1  fjs. 
The  detector  sensitivity,  l''r=  1.9 x  10"'*  C/atom, 
indicates  that  we  excited  from  10’  to  10*  atoms 
per  pulse  in  these  experiments.  We  estimate  the 
uncertainty  in  the  absolute  magnitude  of  the  cross 
sections  to  be  a  factor  of  5.  Note  that  the  ob¬ 
served  cross  sections  are  -  10’  times  larger  than 
the  geometric  cross  sections. 

Of  as  much  interest  as  the  magnitudes  of  the 
cross  sections  are  the  positions  and  particularly 
the  widths  of  the  resonances.  Let  us  focus  our 


ns 
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FIG.  3.  Observed  resonant  cross  sections  (circles) 
and  collision  times  (squares)  (inverse  widths)  plotted 
vs  on  logarithmic  scales  The  values  of  the  ns 
states  are  given  at  the  top  for  reference. 


attention  on  the  (0,0)  resonance,  which  has  no 
spin-orbit  splitting  to  broaden  it.  The  position 
of  the  (0,0)  resonance,  E^,  is  given  to  a  good 
approTcimation  by  £jj(V/'cm)  =  1.21  x  10*«* 
and  the  widths  are  given  by  ^£(V^cm)  =  6.63 
X  10^7*■’•’®.  If  the  Stark  effect  were  hydrogenic 
and  linear  the  frequency  width  AM'  would  be  given 
by  aW(GHz)  =  2.54x  10'’«*’A£(V  cm).’  However, 
as  shown  by  Fig.  1  the  Stark  shift  is  not  quite 
linear,  and  we  find  that  at  the  (0, 0)  resonance 
AW(GH2)  =  2.42x  10*’n*‘-’A£(V'cm).  Thus  AH' 
scales  as  n’’  *•’*  with  a  value  of  1  GHz  at  «* 

=  20.  Equivalently  we  could  say  the  collision  time 
T  =  1/AH’  scales  as  with  a  value  of  -  1  ns 

for  16s. 

Since  superradiance  is  known  to  be  important 
for  Rydberg  states®  it  is  worth  mentioning  why 
it  or  related  phenomena  are  not  expected  to  play 
a  role  here.  First,  by  crossing  the  laser  beams 
to  reduce  the  sample  volume  we  observed  quanti¬ 
tatively  similar,  but  smaller  signals,  indicating 
that  the  effect  depended  upon  number  density  S, 

V  rather  than  number  as  would  be  expected 
for  a  cooperative  effect  in  a  small  sample.® 
Second,  superradiance  from  ns  to  {n  -  l)p  was 
observed  to  disappear,  presumably  because  of 
inhomogeneous  broadening,  in  the  16s  state  with 
the  application  of  50  V^cm  and  in  the  20s  state 
by  the  application  of  3  V^cm.  (These  fields  are 
an  order  of  magnitude  lower  than  those  at  which 
the  resonances  occur.)  At  «  =27  superradiance 
was  never  observed.  Finally  the  time  scale  of  a 
cooperative  effect  must  be  fast  compared  with 
the  relaxation  times.*®  In  zero  electric  field 
Earth’s  magnetic  field  gives  a  time  of  -  0.3  us, 
and  at  the  electric  fields  we  used  we  estimate 
that  inhomogeneous  electric  fields  lead  to  relaxa¬ 
tion  times  of  ~  0. 1  ps.  For  these  reasons  it  seems 
most  unlikely  that  a  cooperative  effect  is  re¬ 
sponsible  for  these  observations. 

Finally  it  is  interesting  to  compare  our  ob¬ 
served  cross  sections  and  resonance  widths  with 
calculations  based  on  the  interaction  of  the  dipole 
moments  of  the  two  atoms.  Using  several  ap¬ 
proaches*  •**  •*’  we  find  that,  at  resonance,  the 
cross  section  a  is  given  (in  atomic  units)  to  about 
an  order  of  magnitude  by 

(7- 4, Us  T 'F,  (3) 

where  Ui  and  Uj  are  the  ns -up  and  ns-{n  -  \)p 
dipole  moments,  which  are  in  our  case  both 
and  F  is  the  collision  velocity.  Note  that  the 
cross  section  is  larger  than  the  geometric  cross 
section  by  a  factor  -  1  F.  The  collision  time  T, 


3. 


407 


Volume  47,  Numbeb  6 


PHYSICAL  REVIEW  LETTERS 


10  August  1981 


the  inverse  of  the  resonance  width,  is  given  by 

r-V5/r- W) 

Clearly  the  observed  values  of  both  a  and  T  ex¬ 
hibit  the  same  »*  dependences  as  Eqs.  (3)  and 
(4).  Our  calculations  indicate  values  of  a  =  3x  10“ 
A*  and  T  =  10‘®  s  for  the  18s  state  in  good,  some¬ 
what  fortuitous,  agreement  with  the  observed 
values  shown  in  Fig.  3.  It  is  interesting  to  note 
that  according  to  our  calculations  the  (0, 1)  and 
(1,0)  resonances  should  not  occur  for  a  spinless 
system  but  occur  here  because  of  the  spin-orbit 
coupling.  ' 

In  conclusion  we  have  observed  that  the  long- 
range  dipole-dipole  interaction  leads  to  enormous 
cross  sections  and  the  long  interaction  times 
requisite  for  sharp  resonances  in  the  collision 
cross  section.  The  long  duration  (1  ns)  of  the 
collisions  may  open  the  way  to  such  interesting 
investigations  as  the  introduction  of  perturbations 
in  mid  collision. 
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Resonant  Rydberg-atom  —  Rydberg-atom  collisions 
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The  experimental  investigation  of  the  resonant  collision  process 
Naju  +Na>M— ‘Nartp  +Na(/i  —  1  )p  which  occurs  when  the  levels  are  tuned  with  an  elec¬ 
tric  field  so  that  the  ns  level  lies  midway  between  the  two  p  levels  is  described  in  detail. 

The  observations  are  shown  to  be  in  good  agreement  with  a  long-range  resonant  dipole- 
dipole  interaction. 


I.  INTRODUCTION 


Resonant  collisional  energy  transfer,  the  process 
in  which  atom  (or  molecule)  A  loses  as  much  inter¬ 
nal  energy  as  its  collision  partner  atom  (or  mol¬ 
ecule)  B  gains,  is  a  process  which  has  been  of  in¬ 
terest  for  some  time.  While  it  has  been  studied 
theoretically  in  some  detail,  both  for  atomic  and 
molecular  collisions,' the  experimental  explora¬ 
tion  of  this  subject  has  been  hindered  by  the  neces¬ 
sity  of  finding  chance  coincidences  in  the  separa¬ 
tions  of  the  energy  levels  of  the  collision  partners. 
In  spite  of  this  obstacle  considerable  insight  has 
been  gained  into  the  nature  of  resonant  collisions 
using  the  available  coincidences.^  ’ 

The  study  of  resonance  effects  in  collisions  is 
greatly  facilitated  by  the  use  of  Rydberg  atoms. 
First  there  is  a  high  probability  of  finding  chance 
coincidences  because  of  the  systematic  variation  of 
the  energy  separations  with  principal  quantum 
number  n  and  orbital  angular-momentum  quantum 
number  /.  This  allows  much  more  systematic  stu¬ 
dies  than  were  previously  possible.  For  example, 
the  variation  of  energy  separation  with  n  produces 
a  comb  of  allowed  transition  frequencies  which  is 
nearly  continuous  in  some  spectral  regions,  and 
this  has  been  used  to  probe  resonance  effects  in 
electronic  to  rotational  and  vibrational  energy 
transfer.*"*  Using  the  resulting  discrete  step  tun¬ 
ing  it  has  been  possible  to  determine  the  widths  of 
these  collisional  resonances  to  be  6  cm  ~ '  and  50 
cm"',  respectively,  although  the  exact  widths  are 
somewhat  uncertain  due  to  the  comb-like  nature  of 
the  energy  spacing.  It  is  interesting  to  note  that  in 
both  these  cases,  at  resonance  the  cross  sections  are 
slightly  smaller  in  size  than  the  geometric  size  of 
the  Rydberg  atom,  and  the  dominant  interaction  in 
these  collisions  is  thought  to  be  the  quasifree  elec¬ 
tron  scattering  of  the  Rydberg  electron  from  the 


perturbing  atom  or  molecule. 

Since  Rydberg  atoms  have  large  dipole  moments 
their  energies  are  easily  shifted  by  the  application 
of  very  modest  electric  fields  thus  allowing  the 
study  of  resonant  collisions  with  continuous  tun¬ 
ing.  Previously  we  described  the  first  application, 
to  our  knowledge,  of  such  an  approach  to  study 
resonant  collisions  of  two  Rydberg  atoms.*  We 
notice  that  in  nuclear  magnetic  resonance,  magnet¬ 
ic  field  tuning  has  been  used  to  observe  roughly 
analogous  resonant  energy  transfer  between  nuclear 
spins  in  solids."’  Although  several  mechanisms  are 
responsible  for  the  observed  effects,  such  processes 
are  frequently  termed  cross  relaxation.'® 

Specifically,  we  have  studied  the  sharply 
resonant  thermal-collision  process  Na  ns  ■¥■  ns 
—»np  -f(n  —  1  )p  which  occurs  when  the  Na  ns  lev¬ 
els  are  tuned  with  an  electric  field  so  that  the  ns 
level  lies  midway  between  the  two  p  states.  As 
shown  by  Fig.  1  for  the  1 7s,  I6p,  and  I7p  states, 
there  are  in  fact  four  collisional  resonances  due  to 
the  splitting  of  |  m/ 1  =0  and  1  levels  in  the  elec¬ 
tric  field.  We  shall  designate  the  four  resonances 
by  the  |  mj  1  levels  of  the  lower  and  upper  p  stales, 
respectively.  Thus  in  order  of  increasing  field  the 
four  resonances  are  (0,0),  (1,0),  (0,1),  and  (1,1). 

Cross  sections  ~  lO’  times  greater  than  the 
geometric  cross  sections  of  the  atoms  with  reso¬ 
nance  widths  of  ~0.03  cm"'  were  observed.  Both 
of  these  striking  features  are  consequences  of  the 
large  dipole  moments  of  the  Rydberg  atoms  which 
allow  an  efficient  long-range  resonant  dipole-dipole 
interaction.  Such  an  interaction  was  termed  a  “ro¬ 
tational  resonance”  by  Anderson,’  and  has  been  ob¬ 
served.  although  not  systematically,  in  molecular 
resonant  rotational  energy  transfer.* 

It  is  our  purpose  here  to  give  a  more  detailed 
description  of  the  experimental  approach  and  ob¬ 
servations  as  well  as  a  simple  treatment  of  resonant 
collisions. 
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FIG.  1.  Energy-level  diagram  for  the  16p-17r-17p 
states  in  a  static  electric  field.  The  vertical  lines  are 
drawn  at  the  four  fields  where  the  s  state  is  midway  be¬ 
tween  the  two  p  states  and  the  resonance  collisional 
transfer  occurs. 


11.  RESONANT  COLLISIONS 

Since  the  formal  theory  of  long-range  dipole- 
dipole  collisions  has  been  developed  from  the 
scattering  point  of  view  and  can  be  found  in 
several  places,'  there  is  little  point  in  repeating 
such  a  treatment  here.  Rather  we  present  two 
treatments  derived  from  radio- frequency  spectros¬ 
copy.  The  first  is  an  order-of-magnitude  argument 
derived  from  Purcell’s"  treatment  of  electron- 
collision-induced  hydrogen  2s-2p  transitions.  The 
second  more  elaborate  treatment  serves  mainly  to 
produce  an  explicit  analytic  expression  for  the 
width  of  the  collisional  resonances.  In  both  we  use 
atomic  units. 

The  treatment  based  upon  Purcell's  work  gives 
quickly  the  approximate  values  of  the  cross  sec¬ 
tions  and  resonance  widths.  Imagine  that  we  have 
two  two-state  atoms  1  and  2,  one  in  its  upper  and 
one  in  its  lower  state,  which  have  transition  matrix 
elements  >i)  and  for  transitions  at  the  same  fre¬ 
quency  ti).  Further,  these  atoms  pass  each  other 
with  relative  velocity  i>  and  impact  parameter  b  as 
shown  in  Fig.  2.  Atom  1  may  be  viewed  as  a  clas¬ 


FIG.  2.  Geometry  of  the  collision  of  two  dipoles,  p: 
is  at  rest  and  pi  passes  with  velocity  u  and  impact 
parameter  b.  The  dipoles  are  separated  by  r. 


sical  dipole  of  magnitude  pi,  rotating  at  frequency 
a.  This  produces  an  oscillating  field  E  at  atom  2 
the  magnitude  of  which  is  given  by 


where  r  is  the  distance  between  the  atoms.  For 
this  field  to  induce  a  transition  of  atom  2 


Thus  the  cross  section  scales  as  and  the  interac¬ 
tion  time  as  n’. 

In  atomic  units  the  thermal  velocity  r~  10“'*. 
thus  the  cross  sections  are  -  10^  times  larger  than 
the  geometric  cross  sections.  In  more  familiar  un¬ 
its,  at  n  =  20,  cr  ~  10’  A’  and  t  -  1  nsec. 
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The  fact  that  we  are  able  to  sweep  through  the 
collisional  resonance  suggests  that  we  treat  the 
problem  in  such  a  way  that  the  resonant  behavior 
emerges  in  much  the  same  way  it  does  in  treat¬ 
ments  of  radio-frequency  resonance.  Accordingly, 
the  following  discussion,  which  leads  to  a  simple 
expression  for  the  width  of  the  resonances,  draws 
heavily  upon  the  two-state  magnetic  resonance 
treatment  of  Ramsey,'^  and  is  formally  identical  to 
the  perturbation  treatment  of  Kleppner.'^ 

Consider  two  colliding  atoms  as  shown  in  Fig.  3. 
One  of  the  atoms  is  assumed  to  be  stationary  at 
the  origin  and  the  other,  passing  the  first  atom 
with  an  impact  parameter  6  at  x  =0,  is  moving  in 
the  X  direction,  perpendicular  to  the  page,  with 
velocity  v.  We  shall  assume  that  the  second  atom 
travels  in  a  straight  line  and  is  not  deflected  by  the 
collision.  In  addition  we  shall  assume  that  there  is 
a  static  electric  field  in  the  2  direction.  This  choice 
of  axes  matches  our  experimental  configuration. 

We  construct  the  product  states 

4iB=il>\npi<2{n —\)p  ,  (8b) 

where  i/>n/  describes  a  Stark-state  wave  function 
that  is  adiabatically  connected  to  the  corresponding 
zero-field  nj  Coulomb  wave  function.  The  total 
wave  function  for  the  system  may  be  written  as 

iWf)  =  i/’^C^(t)-H/iBCa(t)  ,  (9) 

where  all  the  time  dependence  is  in  the  coefficients 
C^it)  and  Cjlt).  The  energies  of  the  two  states  A 
and  B  at  r  =  00 ,  where  r  is  the  intemuclear  separa¬ 
tion,  are  given  by 


which  we  take  to  be  the  eigenvalues  of  the  unper¬ 
turbed  Hamiltonian  Hq  of  two  noninteracting  (in¬ 
finitely  separated)  atoms  in  the  static  electric  field. 
For  finite  intemuclear  separations  the  states  A  and 
B  are  coupled  by  the  dipole-dipole  interaction 


3(/ri-r)(^7-r) 


(ID 


Here  T  is  the  vector  between  the  two  atoms. 

Strictly  speaking  the  assumption  of  an  undeflect¬ 
ed  path  for  the  moving  atom  does  not  allow  the 
(0,1)  or  (1,0)  resonances,  as  the  change  in  the  orbi¬ 
tal  angular  momentum  must  come  from  the  trans¬ 
lational  motion.  However,  because  of  the  large  im¬ 
pact  parameter  the  amount  of  energy  transferred  is 
negligible,  ~  1.6x  10~’  cm“'.  Thus  the  approxi¬ 
mation  of  undeflected  paths  is  quite  good. 

The  interaction  matrix  elements  may  be  simpli¬ 
fied  by  taking  the  RMS  value  of  Eq.  (11)  over  the 
angle  6  in  Fig.  3.  This  yields  for  the  (0,0)  transi¬ 
tion 

1/1,  jnpXns  l/iXti  -Ip) 

I  I  \ - 

(12) 


that  is  the  product  of  the  two  dipole-matrix  ele¬ 
ments  divided  by  Similar  expressions  are  ob¬ 
tained  from  the  other  resonances. 

Inserting  the  wave  function  of  Eq.  (9)  and  the 
Hamiltonian  Ho-‘rV  yields  the  pair  of  equations 

iC^  =  fV^C^{t)+VCBit)  ,  (13a) 

iCB  =  VC^{t)+WBCB{t)  .  (13bi 


=  +  (10a) 

and 

-\tp  <  (10b) 


Atom  2 


y 


FIG.  3.  Geometry  of  the  collision  of  two  atoms. 

Atom  I  IS  at  rest  at  the  origin.  Atom  2  is  moving  in  the 
X  direction,  perpendicular  to  the  paper,  with  velocity  v 
and  impact  parameter  b.  At  x  =0,  the  plane  of  the  pa¬ 
per,  the  vector  from  atom  1  to  atom  2  makes  an  angle  9 
with  the  2  axis,  the  axis  of  quantization. 


For  V  real  and  =0,  this  may  be  recast  in  the 
form 

iC,+C^^  =  V'C^+iWBC,  .  (14) 

Recall  from  Eq.  (12)  the  form  of  the  matrix  ele¬ 
ment  V.  It  is  nearly  zero  everywhere  except  where 
r  =b,  where  it  reaches  a  maximum.  Inspection  of 
a  graph  of  K  vs  x  suggests  the  approximation 


0  elsewhere  . 


Here  X  =  {ns  l/i,  |  np  ><ns  | /i,  |  (n  —  1 )  i p  >.  This 
makes  the  V /V  term  sO  and  suggests  choosing 
the  time  origin  so  that  the  interaction  time  is 
0  <  /  <b/v.  Thus  the  problem  is  reduced  to  pre- 


I 


1908 


T.  F.  GALLAGHER  et  al. 


25 


cisely  the  magnetic  resonance  problem  described  by 
Ramsey.*^ 

Initially  both  atoms  are  in  the  s  state,  thus 
C^(0)=  I  and  Ca(0)=0.  With  these  initial  condi¬ 
tions,  for  0  <  r  <  6  /u,  C4  and  Cg  are  given  by 


cos 

at 

-iWg  , 

at 

sin 

2 

a 

2 

Xexp{iiVgt/2) 


and 


Cg{i)=—^sm 
b  a 


at 

2 


exp(iff'gt/2) , 


(16) 


(17) 


where  a:=(  IFJ  The  probability  P  of 

finding  the  atoms  in  the  two  p  states  is  given  by 
Cg{b/v).  Thus  we  may  write  the  probability  as 

1/2 


P  = 


,  ,  i  sin^-r 

»'i-f-4ArVb‘  2 


IVb  + 


6‘ 


(18) 


For  P  =  1  at  resonance  ( fVg  =0)  this  defines  an 
impact  parameter  6q: 

bo  =  2X/irv  .  (19) 

The  cross  section  is  given  by 

0=  f  “2ff6P(6)d6  .  (20) 

•>0 

Taking  P  =  j  for  6  <  60  to  approximate  the  rapid 
oscillations  and  numerically  integrating  Eq.  (20) 
for  b  >  bg,  we  find 

a  =  2.3nbl  (21) 

in  good  agreement  with  Anderson’s  result  which 
is' 

a  =  Tr^{j)bl.  (22) 

From  Eqs.  (18)  and  (19)  it  is  apparent  that  the 
width  of  the  resonances  is  given  by 

A(FWHM)=-^  =  — = 
bo  bo 

which  is  in  good  agreement  with  the  result  of  van 
Kranendonk,' 

A(FWHM)=5u/bo  -  (24) 

for  dipole-dipole  collisions  if  we  make  the  reason¬ 
able  approximation  that  1  /bo  is  the  average  value 
of  1  /b.  We  notice  that  in  our  treatment  the  max¬ 
imum  probability  occurs  exactly  on  resonance,  at 


2ir  V 


J.,3 


i/i 


,  (23) 


1Vg=0,  whereas  in  the  treatment  of  van  Kranen- 
donk  it  occurs  for  This  difference  comes 

from  the  fact  that  we  have  discarded  the  term  con¬ 
taining  V/y  in  Eq.  (14). 

To  evaluate  the  cross  sections  and  collision 
widths  we  must  use  the  actual  values  of  the  aver¬ 
age  collision  velocity  u  =  1.6x  10~^  and  dipole  mo¬ 
ments  fii  =fii=0.60n*^.  Here  n*'  is  the  effective 
quantum  number  of  the  ns  state  of  binding  energy 
W  =  —  l/2n*'.  Using  our  results,  Eqs.  (21)  and 
(22),  these  values  lead  to  cross  sections  and  widths 
(FWHM)  given  by 

a=1.03Xl0S**  (25) 


and 


A  =  2.64xl0~’n*-' .  (26) 

In  laboratory  units 

a=2.90xl0'n*^  A'  (27) 

and 

A=1.74xlO'n*~' GHz  .  (28) 


III.  EXPERIMENTAL  APPROACH 

In  the  experiment,  an  effusive  beam  of  Na 
passes  between  a  plate  and  a  grid  as  shown  in  Fig. 

4  where  it  is  excited  in  two  steps  by  two  pulsed 
dye  lasers,  the  first,  yellow  laser,  tuned  to  the  35-3/? 
transition  at  5890  A,  and  the  second,  blue  laser, 
tuned  to  the  3p-«s  transition  at  —4140  A.  The 
laser  excitation  and  subsequent  collisions  occur  in  a 
dc  electric  field  which  ranges  from  80  —  800  V/cm 
in  these  experiments.  At  a  variable  time  after  the 
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FIG.  4.  The  interaction  region  of  llie  apparatus, 
showing  both  laser  beams  perpendicular  to  the  atomic 


beam. 
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laser  excitation  a  positive  high-voltage  pulse  is  ap¬ 
plied  to  the  plate  field  ionizing  the  Rydberg  atoms 
and  accelerating  the  resulting  ions  into  the  electron 
multiplier.  The  electron  multiplier  signal  is  aver¬ 
aged  using  a  boxcar  averager  and  recorded  with  a 
chart  recorder. 

The  selectivity  of  electric  field  ionization  enables 
us  to  identify  states  present  at  the  time  the  field- 
ionizing  pulse  is  applied.  In  this  work  we  chiefly 
use  the  temporal  resolution  of  ion  signals  from  dif¬ 
ferent  states  at  a  fixed  ionizing-field  amplitude. 

As  noted  previously,  it  is  possible  to  discriminate 
between  states  of  different  n,  I,  and  { m/ 1  using 
this  technique.'^  Thus  we  are  able  to  monitor  the 
populations  in  the  ns,  np,  and  (n  —\)p  states  as 
functions  of  time  after  the  laser  pulse  an  dc  elec¬ 
tric  field. 

Although  most  of  the  details  of  the  experimental 
apparatus  may  be  found  elsewhere'^  we  note  here 
points  of  particular  importance  for  this  experi¬ 
ment.  First,  the  atomic  beam  is  collimated  to  a 
0.4-cm  diameter  in  the  interaction  region,  has  a 
density  of  ~  10‘  cm~^,  and  is  assumed  to  have  the 
modified  Maxwellian  velocity  distribution  charac¬ 
teristic  of  a  500*C  beam. 

The  laser  beams  are  focused  to  0.5-mm  diameter 
in  the  interaction  region,  are  usually  approximately 
collinear,  and  cross  the  atomic  beam  at  right  an¬ 
gles  as  shown  in  Fig.  4.  To  vary  the  excitation 
volume  the  blue  laser  is  sometimes  introduced 
along  the  atomic-beam  axis  counterpropagating  to 
the  atomic  beam.  With  both  laser  beams  crossing 
the  atomic  beam  at  90°  the  excitation  volume  is  a 
cylinder  of  volume  10”^  cm^.  Typical  densities  of 
excited  atoms  are  ~  10*  cm~\ 

The  electron  multiplier  gain  is  measured  to  be 
Sx  10~’,  and  has  a  specified  quantum  efficiency  of 
30%.  Including  the  20  db  (power)  gain  of  the  am¬ 
plifier  after  the  multiplier,  we  find  that  overall, 
one  Rydberg  atom  leads  to  ~  1.9x  10  C  of  sig¬ 
nal. 


IV.  observations 

A.  Qualitative  observations 

Before  describing  in  detail  the  cross-section 
measurements  it  is  useful  to  present  qualitative  ob¬ 
servations  which  both  identify  the  collision  process 
and  suggest  the  method  used  to  measure  the  cross 
sections.  The  most  striking  feature  of  our  observa¬ 
tions  is  the  sharply  resonant  increase  in  the  popula¬ 
tions  when  the  levels  are  tuned  into  resonance  with 


the  field.  An  example  is  shown  in  Fig.  3,  a  record¬ 
ing  of  the  population  in  the  17p  state  as  a  function 
of  dc  field  2  psec  after  the  i7s  state  is  populated 
by  the  lasers.  The  sharp  increases  in  signal  at  516, 
537,  544,  and  566  V/cm  are  due  to  the  resonant 
17s  -I-  17s— ►Ihp  -(-  17p  collisions  which  occur  as 
shown  in  Fig.  1.  As  mentioned  earlier,  the  reso¬ 
nances  are  labeled  by  the  |  m/ 1  values  of  the  final 
lower  and  upper  p  states,  which  are  determined 
from  the  field-ionization  behavior  of  the  signal  in 
the  lowest  n  states  studied.  Since  the  field- 
ionization  identification  for  the  lowest  n  states  is 
consistent  with  the  energy  levels  of  Fig.  1,  we  as¬ 
sumed  this  to  be  true  for  all  n  values  we  studied. 

In  addition,  the  resonant  signal  is  approximately 
quadratic  in  the  power  of  the  blue  laser,  whereas 
the  total  population  is  linear,  as  shown  by  Fig.  6. 
This  suggests  that  the  resonant  signal  is  either  due 
to  an  effect  which  depends  upon  collisions  with 
photoions  produced  by  the  absorption  of  two  blue- 
laser  photons  or  to  an  effect  varying  as  the  square 
of  the  number  of  excited  atoms.  Since  there  are  no 
photoions  observed  we  can  immediately  rule  out 
the  first  possibility.  Considering  the  small  size  of 
photoionization  cross  sections  for  Rydberg  atoms 
by  visible  photons’’  and  the  likelihood  of  a 
resonant  process  this  seems  unlikely  in  any  case. 

Thus  the  process  must  be  either  a  collision  be¬ 
tween  two  excited  atoms  or  some  sort  of  coopera¬ 
tive  effect  involving  the  ns,  np,  and  ( n  —  Dp 
states — such  as  superradiance.  Since  superradiance 
occurs  quite  easily  in  Rydberg-atom  systems,'*  it  is 
interesting  to  consider  the  possibility  of  a  coopera- 
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FIG.  5.  The  observed  17p  ion  signal  after  population 
of  the  17s  state  vs  dc  electric  field,  showing  the  sharp 
collisional  resonances.  The  resonances  are  labeled  by  the 
mi '  values  of  the  lower  and  upper  p  stales. 
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FIG.  6.  The  blue-laser-intensity  dependence  of  the 
17p  resonant  collision  signal  (O  )  and  I7s  signal  (•)  after 
population  of  the  17r  state  showing  the  quadratic  depen¬ 
dence  of  the  resonant  signal. 

live  phenomenon  to  show  why  we  have  ruled  it  out 
in  this  case.  For  a  cooperative  effect  to  occur  a 
macroscopic  dipole  must  be  set  up  in  the  medium 
and  the  effect  must  occur  in  a  time  short  com¬ 
pared  to  the  relaxation  times.'^ 

In  a  two-level  Rydberg-atom  system  prepared 
entirely  in  the  upper  level  the  dipole  is  usually  es¬ 
tablished  by  amplified  blackbody  radiation. 

Whether  or  not  the  dipole  is  actually  established  is 
determined  by  the  amplification  or  gain  of  the 
sample  for  the  transition  under  study."*  Typically 
there  must  be  a  gain  of  ~  1  in  the  sample.  Stated 
another  way,  in  traversing  the  sample  a  photon  at 
the  correct  frequency  has  a  probability  of  one  of 
inducing  an  atom  to  emit  a  second  photon.  This 
occurs  when  n.oo/  —  1,  where  is  the  number 
density  of  atoms  in  the  upper  state,  oq  is  the  opti¬ 
cal  cross  section,  and  /  is  the  sample  length.  This 
requirement  is  easily  met  by  the  zero  electric  field 
Nans  states,  for  example,  because  of  the  large, 

—  n^,  dipole  moments  connecting  them  to  the 
(n  —  Dp  states.  Under  this  circumstance  the  ther¬ 
mal  blackbody  radiation  is  amplified  and  estab¬ 
lishes  the  macroscopic  polarization.  In  the  electric 
field  case  we  are  considering  here  in  which  the 
transitions  ns-np  and  ns-(n  -  1  )p,  absorption  and 
stimulated  emission,  respectively,  are  at  the  same 
frequency,  and  whether  there  is  gain  or  absorption 
depends  upon  the  magnitude  of  the  dipole-matrix 


elements.  Since  they  are  the  same  to  within  a  few 
percent  in  this  case,  there  is  apparently  no  net  gain 
to  establish  the  macroscopic  dipole. 

Even  though,  in  principle,  it  appears  impossible 
for  a  cooperative  effect  to  occur  we  have  a  direct 
experimental  check,  the  time  scale  of  the  observed 
effects.  In  zero  field  the  Nans  states  exhibit  super¬ 
radiance  in  times  <  300  nsec  after  the  laser  pulse. 
We  never  observe  a  time  delay  greater  than  300 
nsec  indicating  that  the  relaxation  times  are  <  300 
nsec.  When  we  begin  to  apply  a  dc  field  we  find 
that  the  superradiance  disappears  at  50  V/cm  for 
16s  and  3  V/cm  for  20s.  We  attribute  the  decrease 
in  superradiance  in  these  fields,  which  are  ten 
times  smaller  than  the  fields  in  which  the  resonant 
collisions  occur,  to  a  diminishing  of  the  ns-(n  —  1  )p 
matrix  element  with  the  electric  field  and  broaden¬ 
ing  by  electric  field  inhomogeneities.  For  27s  we 
never  observe  superradiance.  In  this  connection  it 
is  interesting  to  note  that  as  n  goes  from  16  to  27 
the  wavelength  of  the  «s— ►(«  —  1  )p  transition  in¬ 
creases  from  0.3  to  1.6  mm,  i.e.,  from  smaller  than 
the  sample  size  to  larger  than  the  sample  size.  It 
has  been  suggested  that  under  such  circumstances 
superradiance  will  not  occur  because  of  the  direct 
dipole-dipole  interaction  between  the  atoms.'*  '’ 

From  the  considerations  above  it  is  clear  that  in 
the  field  the  relaxation  times  are  certainly  less  than 
300  nsec,  and  if  the  effect  is  cooperative  it  must 
occur  faster  than  300  nsec.  However,  that  is  not 
the  case  as  shown  by  Fig.  7  which  shows  the  time 
evolution  of  the  20p  signal  after  the  laser  excitation 
of  the  20®  state  for  the  on-  and  off-resonant  cases. 
As  shown  by  Fig.  7  the  resonant  increase  in  the 
population  of  the  20p  state  occurs  over  a  l-psec 
period  (determined  by  the  sample  geometry),  cer¬ 
tainly  not  in  a  time  fast  compared  to  300  nsec. 

(The  fact  that  the  nonresonant  signal  is  not  zero  at 
t  =0  indicates  that  we  are  partially  ionizing  the 
parent  20s  state  as  well;  however,  this  has  no  effect 
upon  our  conclusions.) 

To  investigate  whether  number  or  number  densi¬ 
ty  of  excited  atoms  was  important,  we  introduced 
the  blue  laser  along  the  atomic  beam,  perpendicu¬ 
lar  to  the  yellow  laser,  so  as  to  excite  a  smaller 
number  of  atoms  but  the  same  number  density. 

We  found  the  relative  magnitudes  of  the  resonant 
and  nonresonant  signals  to  be  the  same.  Equiv¬ 
alently,  if  when  the  laser  beams  are  parallel  the 
blue  laser  is  attenuated  to  produce  the  same  initial 
number  of  20®  atoms  as  are  produced  with  the 
laser  perpendicular,  the  resonant  signal  is  propor¬ 
tionally  much  smaller.  These  observations  indicate 
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FIG.  7.  Time  dependence  of  the  20p  signal  after  the 
population  of  the  20s  state  with  the  two  laser  beams 
parallel  to  each  other.  In  each  case  the  upper  trace  is 
on  and  the  lower  is  off  resonance.  Thus,  the  difference 
is  the  buildup  of  the  resonant  collision  signal.  The  off- 
resonance  signal  at  t  —  0  is  from  partial  ionization  of  the 
20j  state,  (a)  A  scan  of  ^sec  showing  the  1-fisec 
time  scale  of  the  process,  (b)  A  scan  of  -  1  /tsec  show¬ 
ing  the  early  development  of  the  signal,  (c)  A  scan  of 
~  1  nsec  with  the  laser  power  reduced  to  40%  of  that 
used  in  (bl.  Notice  the  drastic  reduction  of  the  resonant 
signal. 

that  the  effect  depends  upon  the  number  density  of 
Rydberg  atoms  as  expected  for  a  collision  process. 
When  the  above  observations  are  considered  to¬ 
gether  it  is  difficult  to  imagine  that  the  process  is 
cooperative,  not  collisional. 


B.  Measurement  of  the  cross  sections 


If  we  allow  collisions  to  occur  for  a  time  T  (not 
to  be  confused  with  the  collision  time  t)  during 
which  time  a  small  fraction  of  the  initial  popula¬ 
tion  in  the  ns  state  is  collisionally  transferred  to 
the  np  and  (n  —  Dp  states  then  the  population  Sp 
in  the  np  (and  n  —  Dp  state  will  be  given  by 


(29) 


where  v  is  the  average  collision  velocity,  a  is  the 


cross  section  for  the  process,  V  is  the  sample 
volume,  and  N,  is  the  initial  ns  state  population. 

Equation  (29)  may  be  easily  inverted  to  give  the 
cross  section.  In  doing  so  it  is  convenient  to  re¬ 
place  N,  and  Np  by  the  signals  we  observe  Nj  and 
Sp  which  are  related  to  S,  and  Sp  by  F  the 
overall  sensitivity,  given  in  Sec.  III.  Thus  we  may 
write 


_  V 

s;^  [rirr 


(30) 


By  measuring  the  ratio  Sj,  /S',  ’  as  a  function  of  n 
we  may  determine  with  good  accuracy  the  n 
dependence  of  the  cross  section.  Measurements  of 
the  quantities  in  curly  brackets  give  the  absolute 
cross  sections. 

Basically  the  cross-section  measurement  consists 
of  measuring  Sp  the  population  in  the  np  state, 
and  Sf,  the  total  population  in  np,  ns,  and 
(n  —  1  )p  states,  as  the  dc  electric  field  is  swept 
through  the  collisional  resonances.  Specifically,  we 
Held  ionize  the  atoms  2  psec  after  the  laser  pulse 
and  set  the  amplitude  of  the  ionizing  field  so  that 
all  the  ns,  np,  and  (n  —  1  )p  states  are  ionized,  with 
the  (n  —  1  )p  state  being  just  barely  ionized.  Be¬ 
cause  of  the  large  difference  in  the  fields  at  which 
the  Na  ns  and  np  states  ionize  these  two  are  in  all 
cases  easily  time  resolved.  Owing  to  the  small 
difference  in  the  fields  at  which  the  ns  and 
(n  —  Dp  state  ionize  these  are  not  always  clearly 
resolved  under  these  conditions;  however,  this  has 
no  effect  on  the  determination  of  the  cross  sec¬ 
tions.  With  a  50-nsec  wide  gate  we  observe  only 
the  np  state  signal,  which  comes  first,  yielding  Sp. 
and  with  a  5(X)-nsec  wide  gate  we  observe  at  the 
same  time  the  entire  ion  signal  Sj-  from  the  np,  ns. 
and  (n  —  1  )p  states.  A  typical  example  of  a  sweep 
through  the  collisional  resonances  is  shown  in  Fig. 
8  for  the  excitation  of  the  23s  state  for  two  laser 
powers.  Figures  8(a)  and  8(b)  are  recordings  of 
S2}p,  the  number  of  atoms  in  the  23p  state  at  two 
laser  powers.  Figures  8(a')  and  8(b'),  in  the  inset, 
show  the  corresponding  simultaneous  measure¬ 
ments  of  Sf,  the  number  of  atoms,  in  the  22p,  23s. 
and  lip  states,  which  is  clearly  unaffected  by  the 
collisional  resonances.  In  Figs.  8(a)  and  8(b)  the 
quadratic  dependence  of  the  resonant  signal  on 
blue-laser  power  is  quite  apparent,  whereas  the 
background  (nonresonant)  signal  in  Figs.  8(a)  and 
8(b)  as  well  as  the  signal  in  Figs.  8(a')  and  8(b')  is 
clearly  linear.  Figures  8(a)  and  8(b)  were  obtained 
on  sweeps  of  increasing  and  decreasing  field, 
respectively,  which  leads  to  apparent  slight  offsets 


1912 


T.  F.  GALLAGHER  et  al. 


25 


e  (V/cml 

FIG.  8.  (a)  The  population  of  the  23p  state  2  /xsec 
after  the  population  of  the  23s  state  showing  the  colli- 
sional  resonances.  Notice  that  the  (0,1)  and  (1,0)  reso¬ 
nances  are  not  resolved  in  this  trace,  (b)  The  same  as  (a) 
except  with  40%  of  the  blue-laser  power,  (a')  A  record¬ 
ing  of  the  total  populations  in  the  23s,  22p,  and  23p 
states  taken  simultaneously  with  (al.  (b'l  A  recording  of 
the  total  populations  in  the  23s,  22p,  and  23p  states  tak¬ 
en  simultaneously  with  (b). 

in  the  positions  of  the  resonances  due  to  the  time 
constant  of  the  signal  averager.  Where  necessary 
we  averaged  positions  obtained  with  increasing  and 
decreasing  field  sweeps  to  obtain  the  positions  of 
the  resonances.  Data  such  as  Fig.  8  were  taken  for 


at  least  two  laser  powers  for  each  sute.  Quantities 
of  particular  interest  are  the  locations  of  the  reso¬ 
nances,  their  widths,  and  the  ratio  of  the  signal 
to  the  signal  Nj-. 

In  Table  I  we  give  the  values  of  the  electric  field 
positions  at  which  the  resonances  occur.  In  Fig.  9 
we  show  the  n  dependence  of  the  positions  of  the 
(0,0)  and  (1,1)  resonances,  whose  locations  are 
given  by 

£«(0,0)=1.21(2)fi*-’  ^’' V/cm  Ola) 

and 

£,(1,1)=1.42(2)«*~”’*”  V/cm  .  (31b) 

The  field  widths  (FWHM)  of  the  resonances  are 
given  in  Table  II.  We  are  reasonably  confident 
that  these  widths,  which  are  ~  1  %  of  the  applied 
fields,  are  not  appreciably  broadened  by  spatial  in- 
homogeneities  in  the  applied  dc  field  because  the 
widths  appear  the  same  whether  the  blue  laser  is 
brought  into  the  interaction  region  parallel  or  per¬ 
pendicular  to  the  yellow  laser,  thus  radically 
changing  the  volume  occupied  by  the  sample  of  ex¬ 
cited  atoms. 

Physically  it  is  the  frequency  width  of  the  reso¬ 
nances  in  which  we  are  really  interested,  and  we 
have  used  an  approximate  method,  based  on  a 
suggestion  of  Cooke,^”  outlined  in  the  Appendix  to 
make  the  conversion.  The  frequency  widths  of  the 
resonances  are  given  in  Table  III.  The  widths  of 
the  resonances  are  the  sum  of  the  collisional  width 
and  unresolved  fine  structure  as  shown  in  Fig.  10. 
Note  that  the  |  m;  |  =  1  states  are  split  by  Af, 
which  is  given  by 


where  Af,o  **  If*®  fine-structure  interval  of  the 


TABLE  I.  Positions  of  the  resonances  (V/cm). 


State 

0,0 

0,1 

Resonance 

1,0 

1.1 

I6r 

741(15) 

770(15) 

781(15) 

813(161 

17i 

516(10) 

537(10) 

544(10) 

566(10) 

I8r 

364(8) 

387(8) 

393(8) 

405(81 

20r 

201(4) 

210(4) 

214(4) 

222(4) 

23s 

91(2) 

94.5(20) 

95.9(20) 

100(2) 

25s 

56.5(13) 

59.0(1 3)* 

63.1(141 

27s 

36.6(8) 

38.7(8)* 

41.4(8) 

The  average  location  of  the  unresolved  0,1  and  1,0  resonances. 
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FIG.  9.  The  positions  of  the  0,0  (•)  and  1,1  (A  ) 
tesonances. 

zero-fidd  p  state  and  k  is  the  amount  of  p  charac¬ 
ter  remaining  in  the  nominal  p  state  in  the  electric 
field.  At  these  fields  A  ->0.8S  and  0.73  for  the 
lower  and  upper  p  state,  respectively.  From  Fig. 

10  it  is  clear  that  only  the  (0,0)  resonance  reflects 
only  the  collisional  width,  the  other  resonances 
have  additional  width  from  the  unresolved  fine 
structure.  The  (0,1)  and  (1,0)  resonances  should 
each  be  broader  by  an  amount  Af,ypper  and  Af, lower 
respectively.  Similarly,  the  additional  width  of  the 
(1,1)  resonance  would  be  Af,upp„-t-Ar,  lower  scaling 
as  R  Here  we  are  implicitly  assuming  that 
there  is  no  observable  spin  selection  effect,  which 
seems  reasonable  in  view  of  the  fact  that  we  do  not 
specify  the  spins  of  the  s  state  atoms.  In  Fig.  1 1 
we  plot  the  difference  in  the  observed  widths. 


A(l,l)— A(0,0)  vs  n**  and  show  the  calculated 
value  of  Aft  oppe,-)- Aft  lower  which  is  in  good  agree¬ 
ment  with  the  data.  In  calculating  Aftypp^r  and 
^•loircr  have  used  the  previously  determined  np 
fine-structure  intervals.^' 

From  the  previous  discussion  it  is  clear  that  the 
(0,0)  resonance  is  the  only  good  probe  of  the  colli¬ 
sion  width.  The  n*  variation  of  the  width  of  the 
(0,0)  resonance  (FWHM)  is  given  by 

A(0,0)  =  235(40)n*-'  GHz  .  (33) 

In  Fig.  12  we  plot  the  observed  widths  of  the  (0,0) 
resonance  and  calculated  dependence  from  Eq. 

(26).  Note  that  A(0,0)  scales  as  r*'  in  agreement 
with  the  predicted  r*^  scaling,  and  is  in  reasonable 
i^reement  with  the  calculated  magnitude. 

The  cross  sections  themselves  are  taken  from  the 
ratios  S'f/N’,  For  S'p  we  use  the  height  of  the 
resonances  above  the  flat  background  signal  in 
recordings  such  as  Figs.  8(a)  and  8(b).  The  average 
value  of  N‘,  while  collisions  are  occurring  is  ob¬ 
tained  by  extrapolating  the  observed  N't  signal 
back  to  O.S  fxsec  after  the  laser  pulse,  the  middle  of 
the  time  interval  during  which  collisions  occur. 

For  the  extrapolation  we  use  the  0  K  radiative  life- 
time,^^  not  the  300  K  radiation  decay  rate  of  the 
ns  states  since  in  addition  to  the  ns  state  we  detect 
the  np  and  in  —  ])p  states  which  account  for 
>  80%  of  the  blackbody  radiation  induced  decay 
of  the  ns  state. In  some  of  the  higher-lying 
states,  at  the  highest  laser  powers  used  the  resonant 
collisions  were  depleted  the  s  state  by  30%  in 
which  case  Eq.  (30)  is  not  valid  and  we  used  an  ex¬ 
pansion  of  which  Eq.  (30)  is  the  leading  term.  To 
simplify  the  presentation  we  have  corrected  the  ob¬ 
served  Np  /Nj  ^  ratios  to  account  for  depletion  and 
present  them  in  Table  IV  along  with  the  radiative 
lifetimes  of  the  ns  sutes.  The  Np  /N',  ^  ratios  are 
proportional  to  the  cross  sections  and  give  the  vari¬ 
ation  of  the  cross  sections  with  n. 


TABLE  II.  Field  widths  of  the  resonances  (V/cm). 


State 

0.0 

Resonance 

0,1 

1.0 

I.l 

16s 

4.0(8) 

6.7(14) 

4,6(9) 

7.2(14) 

17s 

3.4(7) 

4.8(10) 

4.2(8) 

5.3(11) 

18s 

2.7(6) 

4.0(8) 

3.6(8) 

3.9(8) 

20s 

1.8(4) 

2.7(4) 

2.7(5) 

2.4(5) 

23s 

1.33(50) 

1.45(30) 

25s 

0.8(2) 

1.15(22) 

27s 

0.35(20) 

0.67(140) 
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TABLE  III.  Frequency  widths  of  the  resonances  (GHz). 


State 

0,0 

0,1 

Resonance 

1,0 

1,1 

16r 

1.11(25) 

1.95(50) 

1.32(34) 

2.31(6) 

17j 

1.08(23) 

1.53(40) 

1.34(40) 

1.70(42) 

18s 

0.94(20) 

1.45(35) 

1.31(40) 

1.52(38) 

20s 

0.77(16) 

1.19(30) 

1.19(30) 

1.08(27) 

23s 

0.74(16) 

0.88(22) 

25s 

0.50(12) 

0.81(20) 

27s 

0.40(10) 

0.51(13) 

By  evaluating  the  quantity  in  the  braces  of  Eq. 
(30)  we  obtain  absolute  values  for  cross  sections. 
The  values  used  are  T  =  5.2  X  lO'^  atoms/C,  T  =  1 
^isec,  D'=3.5x  10*  cm/sec,  and  y  =  10“’  cm’.  We 
estimate  the  errors  in  this  normalization  to  be  at 
most  of  a  factor  of  5.  With  the  error  bars  of  the 
relative  cross  sections  from  table  tV,  the  observed 
cross  sections  can  be  expressed  as 

a  =  3.3(6)X  10*n*’  A*’ .  (341 

which  is  in  good  agreement  with  the  calculated 
values  of  Sec.  II.  In  Fig.  13  we  plot  the  observed 
cross  sections  and  the  theoretical  result,  Eq.  (27) 
logarithmically  vs  n  **. 


VI.  CONCLUSION 


dipole-dipole  collisions  with  little  contribution 
from  higher  multipole  or  hard-sphere  effects.  As 
such  it  is  of  interest  from  a  fundamental  point  of 
view  because  it  is  theoretically  tractable  and  experi¬ 
mentally  very  accessible.  For  example,  systematic 
studies  of  the  collisional  resonances  involving  the 
manifold  of  Stark  states  should  allow  one  to  probe 
the  effect  of  varying  dipole  moments  without 
changing  the  size  of  the  atom.  In  addition  the 
long  time  duration  of  the  collision,  ~  1  nsec,  and 
the  large  dipole  moments  imply  that  it  should  be 
straightforward  to  study  perturbations  of  the  colli¬ 
sions.  For  example,  using  microwaves  it  should  be 
possible  to  do  experiments  analogous  to  laser- 
induced  collision  experiments.’*  Finally  we  notice 
that  the  magnitude  of  the  collision  cross  sections 
suggests  that  they  must  be  considered  in  applica- 


The  observed  resonant-collision  process  is 
perhaps  one  of  the  best  examples  of  resonant 


«  0.  ntj  *  5  1/2 

"'j  '  - 

m.  ■  ?  1 .  m,  «  •  V2 


»  0  *  ?  1  '2 
my  »  :  1 ,  •  ?  1  '2 

m.  »  ?  1.  m  «  J  t  2 


electric  field 

FIG.  10.  The  rine-stnicture  levels  in  zero  field  and  at 
the  field  of  the  collisional  resonances. 


FIG.  II.  The  difference  in  widths  of  the  1,1  and  0.0 
resonances  (•:  and  a  plot  of  the  calculated  value  of 

( - ). 
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ELECTRIC  FIELD 


FIG.  14.  Energy  levels  of  the  Rydberg  states  in  an 
electric  field,  showing  the  Stark  shifts  of  the  s,p,  and 
hydrogenic  /  >  2  states. 

The  position  of  the  s  state  is  essentially  indepen¬ 
dent  of  field  in  the  region  shown  so  we  shall  as¬ 
sume  it  has  zero  Stark  shift.  Note  that  the  p  states 
are  displaced  from  the  hydrogenic  position  by  an 
amount  Ap  =Sp/nMn  zero  field  and  exhibit  a 
linear  Stark  shift  at  high  field.  This  sug¬ 
gests  that  the  Stark  shift  of  a  P  state  be  writ¬ 
ten  as 

lF,  =  (Ap^-(-n*£^)'^-Ap  .  (Al) 

The  average  stark  shift  of  the  two  p  states  may  be 
written  as 


states  equals  the  energy  of  the  s  state.  If  Aq  is 
amount  by  which  the  average  of  the  two  p  state  en¬ 
ergies  lies  below  the  s  state  energy,  then  at  reso¬ 
nance  Wp  =Ao.  From  the  spectroscopy  of  the  Na  s 
and  p  states  Ao=3/»*~^  where  M  =0.236.’° 
Thus  at  resonance  the  average  field  En  must  satis¬ 
fy 


-•J  **  ~  ,.•3  73  • 


In  fact  the  two  sides  of  Eq.  (A4)  are  equal  to  10% 
justifying  the  approximation  of  Eq.  (Al). 

Equation  (A3)  can  be  rewritten  for  E  =  En 


dW,  n**EK 

dE  jf*”  6p/n*’-fAf/n*’”  ‘ 


(A5) 


Since  £«  for  the  (0,0)  resonance  is  given  by 
En  with  Q  =0.236,  we  can  write  Eq. 

(AS)  as 


dE 


We  may  rewrite  Eq.  (A6)  as 


(A6) 


dW, 
dE  £« 


(A7) 


If  we  replace  Afn*~°”  by  its  average  value,  0.027, 
over  the  range  of  n  studied  we  can  rewrite  Eq. 

(A7)  with  3%  accuracy  as 


»F,  =  (ApVn*^£^)'^^--^  ,  (A2) 

n  ^ 

where  for  n*  we  use  the  effective  quantum  number 
of  the  s  state  which  lies  halfway  between  the  two  p 
states.  The  slope  of  this  curve  yields  the  desired 
conversion  of  widths  from  fields  to  frequencies. 
Explicitly 

dW,  n**E 

- —  = - - — — -  (A3) 

dE  (bp/n*^  +  n**Eh''^  ' 

We  are,  of  course,  interested  in  this  value  at  the 
resonances  for  which  the  average  value  of  the  ener¬ 
gies  of  the  two  p  states  above  and  below  the  s 


dW, 
dE  £, 


1.33n’‘  “  . 


(A8) 


We  may  express  Eq.  (A8)  in  more  practical  units 
as 


A>Fp(GHz)=1.72xlO-’n*'  ^’A£  (V/cm) .  (A9) 

Since  the  frequency  of  the  ns-np  transition  is  shift¬ 
ed  up  at  the  rate  given  by  Eq.  (A9)  while  the  fre¬ 
quency  of  the  ns-(n  —  1  )p  transition  is  shifted  down 
by  the  same  rate,  the  width  A  of  the  collisional 
resonances  is  twice  as  large  as  shown  by  Eq.  (A9). 

A(GHz)  =  3.44xl0-’n*' "’Af  (V/cm)  .  (AlO) 
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Resonant  collisions  of  Na  nS  and  nD  Rydberg  atoms 

R.  Kachru,  T.  F.  Gallagher,  F.  Gounand,*  P.  L.  Fillet,^  and  N.  H.  Tran 
Molecular  Physics  Laboratory.  SRI  International.  Menlo  Park,  California  94025 
(Received  17  December  1982;  revised  manuscript  received  25  April  1983i 

A  large  enhancement  in  the  resonant  collisional  energy-transfer  process  Naim)-rNainri 
— Na(l>j  —  1  )p]-t-Na(n/)  or  Na(»si-(-  Na(ni)— •Na(fl/>)-fNa[(n  —  1 )/]  is  observed  when  the  initial  n\ 
state  lies  midway  between  in  —\)p  and  an  nl  state  or  between  np  and  an  in  —  1)1  state.  This  reso¬ 
nance  condition,  achieved  by  the  electric  field  tuning  of  the  levels,  leads  to  large  cross  .sections  ~  10'' 

A'  and  narrow  linewidths  ~  1  GHz.  These  cross  sections  and  linewidths  are  comparable  to  the  pre¬ 
viously  observed  resonant  process  Na(ns)-I-Na(nj)— .Na[(n  —  1  )p]-f  Nainpl.  We  have  also  ob¬ 
served  a  similar  collisional  energy  transfer  starting  from  a  completely  different  initial  state,  i.e., 

Nal  15di  — Nai  15</»  — Na'  16/)-rNa(  15pl.  In  this  case  the  enhancement  in  the  cross  section  i  ~  10' 

A'!  is  observed  at  a  reialivciy  low  electric  field  ~  17  V/cm. 


I.  INTRODUCTION 

Resonant  collisional  energy  transfer,  the  process  in 
which  one  atom  (atom  I  loses  as  much  internal  energy  as 
another  atom  (atom  B:  gains,  has  long  attracted  consider¬ 
able  interest.'”'  Recent  revival  of  interest  in  this 
phenomenon  stems  from  the  availability  of  tunable  dye 
lasers  and  the  ability  to  selectively  excite  a  large  number 
of  atoms  or  molecules.  Recently  the  term  progression  in 
the  atomic  Rydberg  series  was  used  to  match  the  transi¬ 
tion  energies  of  two  species.  By  varying  n.  enhancement 
in  the  cross  section  for  the  transfer  of  energy  from  the 
Nain/i  Rydberg  states  to  the  vibrational  transitions*  of 
CH4  and  CD4  and  the  rotational  transitions*  of  NHi  have 
been  reported.  More  recently,  the  electric  field  tuning  of 
the  Na  Rydberg  states  has  been  used  to  resonantly 
enhance  the  collisional  energy  transfer  process" 

(n5)-t-(nsl— (np)-(-[(n  —  1  )p]  . 

Sharp  resonances  representing  large  transfers  of  popula¬ 
tion  to  the  ftp  and  (n  —  Dp  states  from  the  initially  excited 
ns  states  were  observed  at  certain  values  of  the  static  elec¬ 
tric  field.  These  sharp  resonances  occur  when  the  laser- 
excited  ns  state  lies  midway  between  an  upper  np  and  a 
lower  in— Dp  state,*’  causing  the  process  (ns) -(-(ns) 
— »[(n  —  Dp]  +  inp)  to  proceed  resonantly  because  the  en¬ 
ergy  lost  by  one  Na(ns)  atoms  exactly  equals  the  energy 
gained  by  the  other  colliding  Sains)  atom. 

The  resonant-collision  process  represents  a  classic  ex¬ 
ample  of  a  long-range  electric  dipole-dipole  interaction  be¬ 
tween  two  atoms.  Since  the  electric  dipole  moment  be¬ 
tween  the  adjacent  Rydberg  states  (the  dipole  moment  be¬ 
tween  ns  and  np  states,  for  instance)  is  large,  approximate¬ 
ly  n*^,  where  n*  is  the  effective  quantum  number,  this 
strong  interaction  at  resonance  leads  to  a  very  large  col¬ 
lision  cross  section,  approximately  lO’  A*  (for  n  =  20). 
Furthermore,  this  collisional  interaction  is  very  long 
ranged  and  gives  rise  to  resonances  which  have  very  nar¬ 
row  linewidths  (approximately  1  GHz),  which  implies  ap¬ 
proximately  1-ns-long  interaction  times.  As  a  function  of 
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/!*,  the  effective  quantum  number  of  the  ns  state,  the 
resonant  collision  cross  section  a  scales  as  n**.  whereas 
the  linewidths  A  scale  as  in’)~~.  Recently,  the  use  of  a 
microwave  field  to  resonantly  enhance  the  collisional  ener¬ 
gy  transfer  between  two  Na  atoms  when  the  collisional  de¬ 
fect  A  IP  is  nonzero  has  been  reported.** 

Here  we  report  the  result  of  our  effort  to  generalize  and 
extend  the  capability  of  the  electric-field-tuned  resonant 
collisional  energy  transfer  to  include  Rydberg  states  other 
than  the  .v  and  p  states  of  Na.  In  the  present  work  we  took 
for  resonant  collisions  between  two  Na  atoms  wht'se  jii!- 
tial  or  final  states  differ  from  the  ns  and  np  or  11  -  1  p 
states,  respectively.  The  relative  size  of  the  resonant- 
collision  cross  sections  for  the  different  initial  and  final 
states  is  also  an  important  check  on  the  dipole-dipolc.  in¬ 
teraction  model  for  these  collisions.  For  instance,  we  ob¬ 
serve  electric-field-tuned  resonant  collisions  of  the  type 
ins)  +  ins)—inp)-^inl)  or  (nsia-lnpl  — in/i  — [ui  -  1  p], 
where  one  of  the  final  states  is  a  nl  state  (  /  >  2).  'While  I  is 
not  a  good  quantum  number  in  an  electric  field  it  still 
serves  as  a  convenient  and  unique  way  to  label  states  'see 
below).  We  have  also  observed  a  large  enhancement  in  the 
cross  section  at  relatively  low  fields  (approximately  17 
V/cm)  for  the  process  ( 15di-t-(  15d;— ( 16/)  — 1 1.5pi.  in 
which  a  collision  between  two  Na(15di  atoms  results  in 
one  atom  being  excited  to  a  16/  state  and  the  other  dee\- 
cited  to  a  15p  state.  We  find  that  both  the  cross  sections 
and  the  linewidths  of  these  resonant  processes  are  compar¬ 
able  in  magnitude  to  those  observed  for  the  now  familiar 
process  ( ns  1  -1-  ( rt,s )  —  [  1  n  —  I  )p]  —  1  np  I. 

While  a  detailed  account  of  the  resonant-collision  phe¬ 
nomena  may  be  found  in  Ref.  7.  it  is  worthwhile  to  con¬ 
sider  a  simple  physical  picture  of  the  collision  process 
here.  The  energy-level  diagram  of  two  colliding  atoms 
(which  need  not  be  of  similar  species)  is  shown  in  Fig.  1. 
The  relevant  energy  levels  are  lA  >  and  2.4  )  for  atom  .4 
and  ,  IB  >  and  2B )  for  atom  B.  The  pair  of  states  1.1  ) 
and  i  2.4 )  are,  in  principle,  any  pair  for  which 
(2/4  ip'i  lAl^fcO,  where  p  is  the  electric-dipole- moment 
operator;  this  applies  similarly  to  IB)  and  2B>.  As¬ 
sume  for  simplicity  that  atom  B  is  fixed.  Atom  .4  moving 
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ATOM  B 
•2B> - 


ATOM  A 

,1B; - -  1A> 


- i2A> 

FIG.  I.  Simplified  energy-level  diagram  considered  for  the 
resonant -collision  process.  Atoms  A  and  B  (which  could  even  be 
of  different  species'  have  energy  levels  M  >,  2.4)  and 

'\B).  2B),  respectively.  These  energy  levels  are  tuned 
(Stark-shiftedl  by  the  static  electric  field.  The  resonant-collision 
cross  section  is  greatly  enhanced  when  the  energy  separation  of 
the  two  levels  for  atom  A  equals  that  for  atom  B.  Note  that  in 
the  present  experiment  we  always  have  =  The 

resonant-collision  process,  in  pnnciple,  only  requires 

IF.,  =  IF-g—  IF|j  (see  text). 


with  relative  velocity  u  and  viewed  as  a  classical  dipole 
with  dipole  moment  fi,  =  (2A  ji  1.4  )  produces  an  oscil¬ 
lating  field 

£,2-^cos(»F,^-IFi,)t/^ 

£ 

at  the  site  of  atom  B,  where  IF,,  ( IFj,,  i  is  the  energy  of 
state  \A  (14)  in  the  static  electric  field  and  R  is  the  dis¬ 
tance  between  the  atoms.  Here  ft  =  2trB  is  Planck's  con¬ 
stant  and  t  is  the  time.  At  resonance,  i.e.,  when 

this  dipolar  electric  field  of  atom  A  drives  the  '  \B) 
—•\2B)  transition  in  atom  B.  This  transition  probability 
is  unity  if  E\H2T/h  s  1,  where  ni={2B  ji  IB),  and  r  is 
the  effective  collisional  interaction  time.  We  may  approx¬ 
imate  T  by  b  /v,  where  b  is  the  impact  parameter.  At  reso¬ 
nance  the  collision  cross  section  is  then  given  by 


while  the  collision  interaction  time  is 

.  (2' 

As  a  specific  example  consider  the  previously  observed 
resonant-collision  pr(x:ess  — in.vl— -(npi-t-ln  -  1  ip. 

We  have  l/4)=n.v,  \B)=ns.  14>  =  np  (  m  =0'. 

and  2B)=in-\>p  <  m  =0'  To  calculate  the 
resonant  crosv  sectior  we  use  p . '  (Ref.  in 
Eqs.  I'  and  '2'  For  rj  -  2(1  rrs  10'  A-  and  the  linewidth 
i.s  approximaiely  e.  ;i.il  to  I  GH?  Such  large  cross  sec¬ 
tion'  result  from  ill.  iarge  dipole  moments  associated  with 
the  Rydberg  transiii.m'  tho  . sample  between  tile  .-rs 
and  the  n  -  I  )p  and  up  stjic'  respectively  '.  As  remarked 
earlier,  the  initial  and  final  collision  states  need  not  just  be 


s  and  p  states  but  instead  any  pair  of  states  connected  by  a 
reasonable  dipole  moment.  An  additional  requirement  for 
the  resonant-collision  process,  in  fact  the  most  basic  re¬ 
quirement,  IS  that  the  condition  IF,,  -  H'.,  =  I* -  H  ;, 
be  satisfied  at  some  value  of  the  electric  field.  Figure  2 
shows  one  of  the  several  pairs  of  states  for  which  these 
two  basic  requirements  for  resonant  collisions  is  satisfied. 
For  instance,  as  shown  in  Fig.  2,  we  consider  the  pair  of 
states  1/4  >=!£>=  20s,  14)  =  19p  i  m  =0  .  and 

i  2B  >  =(n=  19,/=  181.  To  simplify  the  notation  the  mani¬ 
fold  of  Stark  states  shown  in  Fig.  2  (solid  lines i  near 
(long-dashed  line  above  the  20s  state'  is  labeled  by  the  n.! 
quantum  numbers.  Although  /  is  no  longer  a  good  quan¬ 
tum  number  in  presence  of  a  static  electric  field,  the  linear 
Stark  states  are  adiabatically  connected  to  the  zero-field 
n/  !  m  '  states  in  a  unique  way.  For  instance,  the  Stark 
state  with  the  lowest  (highest'  energy  in  the  manifold  is 
adiabatically  connected  to  the  zero-field  state  with  the 
lowest  (highest)  /.  Similarly  states  that  fall  between  the 
two  extreme  members  of  the  manifold  are  adiabatically 
connected  to  the  zero-field  states  with  intermediate  values 
of  /.  The  state  with  the  highest  energy  in  the  n  =  19  mani¬ 
fold  (see  Fig.  2)  is  therefore  labeled  n  =  19,/  =  18.  In  the 
above  example  pi  =  (19p;p  20s>a2(X)  a.u.  is  quite 
large.  Although  the  dipole  matrix  element  p;  connecting 
2Cl!r  to  the  n=  19,/  =  18,  m  I  =0  state  of  the  Stark  mani¬ 
fold  is  zero  in  zero  field  (dipole  selection  rule),  it  can  be 
quite  large  when  a  relatively  low  electric  field  is  applied. 
For  instance,  calculations  show  that  pysSO  a.u.  at 
£=3(X)  V/cm  due  to  the  Stark  mixing.  (Calculations  of 
the  Stark  shift  (see  Fig.  3)  show  that  the  resonance  condi¬ 
tion  for  the  process  I20j)-i-l205)— •(  19p)  — i n  =  19,/  =  18 ' 
is  satisfied  at  E=268  V/cm.  Here  ‘  m  =0  for  both  the 
final  states.  Using  the  calculated  value  of  p;s80  a.u,  tat 
268  V/cm)  and  p,  =  2(X)  a.u..  we  obtain  10'*  A^  This 
cross  section  is  comparable  to  the  cross  section  for  the 
process  (20s)-f(205)— *(  19p)*(20p)  and  is  easily  ob¬ 
served.  Similar  calculations  for  the  general  process 
(205)-t-(205)  — (19p)-i-(«  =19./)  or  I20s'-(20s)— (20p) 
-l-(n  =  18,/)  show  that  the  cross  section  is  quite  large,  ap- 


FIG  ;  Eik-  gy -iev fi  v'f  ‘ii  -  0  'i.ii-.-.  ,'i  \.>  in  I'r.' 

vicinity  o;  ih.  2('..  slate  .i-  .;  tuiKlii'ii  oi  ■.'.e.iri.'  tivid.  v'ai.- 

are  vticwr;  P,  the  'lio.-;-(i  -ficv!  lines.  iIk  r!i<  Jiii!.  -,)a'li. lin. 
represent  ifii  •  'taiC'  wh..e  the  a  state'  ai.  r.pre'ciited  la. 
very-U>ng-JaMiv/i  lines  s 'iio  line>  arc  Statk  'laiC'  wiii'  .  -2 
Fur  inM.iiice  tin  nianifulu  .v;  solid  lines  between  ihe  2Qp  and  the 
20.V  states  indicated  above  arc  slates  of  n  =  1 0  and  £  1 8. 
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FIG.  3.  m,  =0  Stales  of  Na  near  the  20s  state,  similar  to 
Fig.  2.  but  shown  in  greater  detail.  F.rst  venical  dashed  lines  on 
the  left  shows  the  2.4  >  and  2B  >  states  for  the  re.sonaiit  pro¬ 
cess  1 20si-t- I20si— I  Idpi  — i  20p'.  Second  vertical  line  corre¬ 
sponds  to  the  14  >  and  2B  )  states  for  the  newls  observed  col¬ 
lision  process  1 20s '  — 1 20s '  — 1 19pi -r ' «  =  19,/ =  18 Solid  line 
just  below  the  20p  iI9pi  state  corresponds  to  n=19.,=18 
,n  =  18./  =  P'  Stark  state  'see  te.sii.  Initial  collision  states 
1.4  '  and  R>  in  all  the  case'  shown  in  this  energy-level  dia¬ 
gram  are  20s.  Third  and  fourth  vertical  lines  lat  higher  fields' 
correspond  to  the  resonant-collision  processes  20si  — i20s' 
—  1 19p  -'ii  =  P./ =  17i  and  ' 20s  ■  - ' 20s i— 1 20p ' n  =  18./ 
=  17 1,  respectively. 


projttmately  10  -10“  A*,  and  the  resonances  occur  at  suc¬ 
cessively  higher  electric  fields. 

Finally  we  consider  the  process  md'  — itia'i— ['ii 
-►Ii/]  — I  np  I  in  which  the  initial  state  is  not  an  r  state. 
For  ti=j5  using  n\  =  2\  a.u.  and  M:  =  "0  a.u.,  we  get 
cr-  lO’  .A'  from  Eq.  di.  For  this  e.xample  the  resonance 
condition  is  obtained  at  a  relatively  low  field  of  1"  V.^cm. 

11.  EXPERIMENT 

While  the  details  of  the  set  up  may  be  found  elsewhere, 
we  describe  the  experimental  arrangement  briefly  here. 
The  experimental  arrangement  consists  of  an  effusive  Na 
beam  which  crosses  the  dye  laser  beams  at  right  angles  be¬ 
tween  a  plate  and  a  grid  'see  Fig.  4).  A  Quanta-Ray 
Neodium:yttrium-aluminum-garnei  NdiY.AG  laser  is 
used  to  simultaneously  pump  two  dye  lasers.  The  first 
dye  laser  'yellow  laser'  pumps  the  Na  transi¬ 

tion  (A  =  5890  A),  while  the  second  dye  laser  'blue  laser' 
pumps  the  3p-,/:-nsirtdi  transition.  Both  dye-laser  beams 
are  linearly  polarized  parallel  to  the  applied  electric  field. 
Electric  field  tuning  of  the  energy  levels  is  achieved  by  ap¬ 
plying  a  variable  static  voltage  to  the  field  plate.  A  field- 
ionizing  pulse  Irisetime  =0.3  /is'  applied  1  /is  after  the 
laser  pulses  selectively  field-ionizes  the  Na  atoms  and  ac¬ 
celerates  the  ions  through  the  gnd  into  an  ion  multiplier. 
The  signal  from  the  ion  multiplier  is  amplified  typically 
by  a  factor  of  10)  and  fed  into  a  boxcar  averager  [Prin¬ 
ceton  Applied  Research  iP.ARi  Mixlel  162].  The  output 
of  the  averager  is  recorded  on  a  chart  recorder  as  the  stat¬ 
ic  electric  field  on  the  plates  is  slowly  increased. 

We  use  selective  field  ionization  (SFI)  to  detect  the  ini¬ 
tial  and  final  collision  states.  With  the  use  of  SFI  it  is 


Chart 

HV  Recorder 


FIG.  4.  Schematic  of  the  experimental  setup  used  in  this  ex¬ 
periment.  Two  dye-laser  pulses  which  produce  either  the  ns  or 
the  nd  state  cross  the  effusive  Na  beam  at  nghi  angle'.  0.3- 
/is-nsetime-pulsed  field  ionizes  the  atoms  selectively  and  pu'hc' 
the  ions  through  a  mesh  into  an  ion  multiplier.  Static  voltage  is 
applied  to  the  upper  plate  while  the  lower  plate  is  grounded. 
Signal  from  the  ion  multiplier  is  amplified  and  averaged  by  a 
PAR  boxcar  averager  and  finally  displayed  on  a  chan  recorder. 


Straightforward  to  resolve  not  only  the  initially  excited  ns 
and  the  final  nt  states  but  also  the  different  rn;  com¬ 
ponents  of  the  final  nl  state.  The  atomic  beam  is  collimat¬ 
ed  to  0.4  cm  diam.  in  the  interaction  region,  while  the 
laser  beams  are  focused  to  approximately  1  mm  diam 
The  effusive  Na  atomic  beam  is  produced  from  a  resi'tive- 
ly  heated  oven.  The  oven  temperature  i'  _-s500'C  The 
atomic  density  in  the  interaction  region  is  approximately 
10*  cm"  '. 

111.  OBSERVATIONS 

A.  Resonant  collisions  of  Na(20s '  atoms 

We  first  describe  the  re-'otani  collision  proce" 
(20s)-rl205i— il9p.-  19/)  or  20'  -I20.';  — 'ZOp 
-'-i  18/>.  Here  and  throughout  this  paper  i  is  used  as  a  la¬ 
bel  for  the  energy  eigenstates  to  simplify  the  notativu  see 
above).  Although  we  have  observed  the  resonant  collision 
process  from  other  ns  stales  iii  =  IS— 24'  we  describe  here 
the  observations  made  with  the  20s  state.  Resonant  col¬ 
lisions  between  Na  atoms  in  other  ns  states  <n  =  lS-24' 
give  qualitatively  similar  results.  Figure  ?  shows  the  trace 
of  the  ion  signal  which  represents  the  population  tn  the 
20p  state  or  the  19/  state  as  the  static  elecinc  field  is  in¬ 
creased.  The  three  resonances  on  the  left-hano  'ide  are 
the  collisional  resonances  observed  in  the  earlier  work  and 
correspond  to  the  ns  state  lying  midway  between  the  np 
and  the  in  —  1  ip  state.  In  Fig.  the  second  feature  on  the 
left-hand  side  consists  of  two  unresolved  resonances  'see 
below).  Thus  the  three  features  on  the  left-hand  'idc  in 
Fig.  5  correspond  to  the  four  resonances  identified  beiow 
and  in  Ref.  7.  The  sharp  increases  in  the  ion  current 
represent  large  collisional  transfer'  to  the  20p  state.  Since 
the  20p  state  and  19/  states  with  high  field  ionize  at  a 
lower  field  than  does  the  initially  exciteo  2U.s  state,  we  set 
the  amplitude  of  the  field-ionization  pulse  'O  that  only  the 
20p  and  the  high-/  stales  of  the  .’i  -  19  inainlold  are  field- 
ionized.  In  this  way  we  obtain  a  signal  only  if  the  atv'ms 
end  up  in  the  20p  or  the  nearby  high-/  states  of  «=19 
manifold.  Note  that  the  mi  =0  and  1  splitting  of  thep 
states  leads  to  four  resonances.  We  label  these  resonances 
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FIG.  5.  Plot  of  ion  current  as  a  function  of  the  applied  static 
field  for  the  Na  atoms  initially  excited  to  the  20s  state.  Sharp 
resonances  show  the  large  transfer  of  population  into  the  20p 
state  or  the  high-/  states  (/=18  or  I7l  or  the  n=l9  manifold. 
The  atoms  are  detected  by  applying  a  FI  pulse  1  ps  after  the 
laser  pulses,  and  the  amplitude  of  this  pulse  is  set  so  that  only- 
states  with  n*  =  19  or  higher  are  detected.  First  three  reso¬ 
nances  on  the  low-field  end  represent  the  resonant-collision  pro¬ 
cess  I20sl-i-(20sl— •(  19p)-i-(20p).  Four  peaks  on  the  high-field 
end  are  the  newly  observed  collisional  resonances.  Note  that 
each  of  these  resonances  seen  at  high  field  are  in  fact  composed 
of  two  or  more  overlapping  resonances.  For  instance  the  reso¬ 
nance  observed  at  255  V/cm  are  labeled  (19,18,0;19,I,0)  and 
(19,18,0:19,1,11  (see  text  for  the  n,l,  mr  labeling  convention 
used  here). 

by  the  pair  of  n/  i  w/ ,  values  for  the  lower  and  upper 
states.  At  this  point  we  note  that  experimentally  we  only 
observe  the  transfer  of  population  to  the  upper  state  (state 
with  the  higher  energy).  We  assign  the  other  final  state 
involved  in  the  collision  process  by  calculating  the  Stark 
shift'®  of  the  relevant  states.  The  resonances  recorded  in 
Fig.  5  are  labeled,  in  the  order  of  increasing  field,  as  fol¬ 
lows:  (19,1,0:20,1,0),  observed  at  202  V/cm; 

[(19,1,1:20,1,0)  and  (19,1,0:20,1,1)]  observed  at  212  V/cm; 
and  (19,1,1:20,1,1)  observed  at  223  V/cm.  The  square 
brackets  indicate  that  the  two  calculated  resonances  con¬ 
tained  inside  are  experimentally  unresolved.  The  pair  of 
three  numbers  in  the  brackets  corresponds  to  the 
n,/,  m/  quantum  numbers  of  the  two  final  states  in¬ 
volved  in  a  given  resonance.  For  instance,  the  first  reso¬ 
nance  in  Fig.  5  is  labeled  as  (19,1,0:20,1,0)  where 

1/1>=  15>=205  =  (20,0,0),  ,  2/4  )=(19,l,0),  and  IB) 

=  (20,1,0). 

As  the  static  electric  field  is  increased  beyond  2S0 
V/cm  (see  Fig.  S)  additional  sharp  resonances  appear. 
These  resonances  indicate  a  large  transfer  of  population 
into  either  the  20p  state  or  the  high  members  of  the 
n=  19,/  >  2  manifold.  The  blue-laser-intensity  dependence 
of  these  resonances  (at  lower  laser  power)  shows  that  the 
observed  signal  is  quadratic  (to  within  rlO^l-i  in  laser  in¬ 
tensity  implying  that  the  observed  resonances  are  col¬ 
lisional  signals  involving  two  Nairi.V'  atoms.  At  suffi¬ 
ciently  high  blue-laser  power  some  of  these  resonances  be¬ 
come  saturated  and  the  resonance  signal  no  longer  in¬ 
crease:  as  the  square  of  the  laser  intensity.  Collisional  rcs- 
onan.  es  observed  ai  even  higher  fields  are  shown  in  Fig.  b. 


The  sharp  increase  in  the  ion  signal,  as  before,  represents 
the  large  transfers  of  population  into  either  the  20p  state 
or  the  high  members  of  the  n  =  19,/  >2  manifold.  Since 
the  field-ionization  thresholds  for  the  20p  and  the  higher 
energy  state  of  the  n=  19  manifold  are  almost  identical,  it 
is  frequently  difficult  to  distinguish  between  these  states 
using  our  experimental  detection  scheme.  However,  we 
can  accurately  calculate  the  Stark  shift'''  of  these  states 
and  assign  two  unique  initial  and  final  n,/,  m/  labels  to 
each  of  the  sharp  resonances  seen  in  Fig.  5.  For  instance, 
the  first  resonance  (at  £  =  255  V/cm)  on  the  high-field 
side  of  the  previously  observed  resonant-collision  reso¬ 
nances  is  labeled  [(19, 18,0:19, l,0),i  19.18. l;19,l,0i].  Again, 
the  pair  of  resonances  in  the  square  brackets  indicates  that 
these  resonances  are  experimentally  unresolved  (see  Fig. 
5k 

Table  I  shows  the  calculated  positions  of  the  four  high- 
field  resonances  seen  in  Fig.  5  in  terms  of  the  static  elec¬ 
tric  field.  Similarly  the  resonances  observed  at  even 
higher  fields  (see  Fig.  6)  can  be  assigned  a  pair  of  final 
«,/, !  m/  ;  states.  It  is  clear  that  at  higher  fields  some  of 
the  resonances  overlap.  For  instance  the  resonance  seen  in 
Fig.  5  at  approximately  278  V/cm  is  in  fact  composed  of 
four  unresolved  resonances.  In  some  cases  we  can  verify 
the  calculated  '  m;  ■  assignment  of  the  resonances  by  us¬ 
ing  the  fact  that  states  with  different  m/  have  slightly 
different  SFI  thresholds."  For  instance  '  m;  =1  states 
in  the  vicinity  of  20p  have  a  field-ionization  threshold 
which  is  approximately  4.5%  higher  than  that  for 
I  m,  I  =0  states."  The  i  m/  i  labeling  of  the  first  few  col- 
lisonal  resonances  is  experimentally  confirmed  in  Fig.  7 
where  the  solid  trace  was  obtained  at  a  peak  SFI  field  suf¬ 
ficient  to  field-ionize  only  the  m; ,  =0  component  of  the 
20p  and  the  nearby  high-/  states  of  the  n=19  manifold 
(£=2.2  kV/cm).  The  broken  trace  in  Fig.  7  was  similarly 
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TABLE  1.  Calculated  and  observed  positions  of  the  resonances  in  terms  of  the  applied  dc  field 
(V/cmi.  Errors  shown  are  typical  and  represent  the  statistical  uncertainty  in  the  data. 


Resonance 

Observed  position 

Electric  field  (V/cm) 

Calculated  position 

(20, 1,0; 1 9, 1,0) 

202(3) 

202 

(20,1.0;19,1.1) 

212* 

210 

(20.1,1:19,1,0) 

213.7 

(20.1,l;19.1,li 

223(  3 ) 

222.8 

(19,18.0:19.1,0) 

255* 

253 

(19,18,1:19,1,01 

255 

(19,18,0:19,1,1) 

260* 

260 

119,18.1:19.1,1) 

262 

(20,1.0:18,17,01 

277 

119.17,0:19.1,01 

278* 

278 

(20,1.0:18,17,1' 

279 

(19.17.1:19,1,01 

280 

(20,1.1:18.17,0) 

286 

(20.1.1:18,17,1) 

289* 

288 

(19.17,0:19,1.1) 

287 

(19,17,1:19,1,1) 

289 

•Average  location  of  the  unresolved  resonances. 

obtained  with  the  SFI  amplitude  set  to  detect  m; ;  =  1 
component  of  the  upper  state  (£  ^  2.3  kV/cm).  While  set¬ 
ting  the  field-ionization  (FI)  pulse  amplitude  to  detect  the 
mi  =  I  component  of  the  upper  state  does  not  preclude 
detection  of  the  nt/  :  =0  components  which  have  lower 
threshol'  s.  we  have  recorded  the  i  nt;  =  1  component  in 
the  broken  trace  by  using  the  temporal  resolution  of  the 
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FIG  T  Ploi  of  ion  current  (solid  tracei  similar  to  thai  shown 
in  Fig.  5  except  that  the  SFI  is  set  to  detect  onl>  the  »•- 
component  of  the  20p  and  the  nearby  n=  !<).  high-/'  state  l»ri  ■ 
ken  trace  is  a  recording  of  the  m/  -  I  final  slates:  discrm.iiie 
non  IS  based  on  the  temporal  resolution  of  ion  signals  fiom  tin. 
m,  ^('  and  1  states  see  text  . 


detected  ion  pulse.  This  temporal  resolution  of  the 
|w;  =0  and  1  components  of  the  final  states  results 
from  the  finite  risetime  of  the  SFI  pulse  (risetime  -0.3 
fis)  whereby  the  states  with  lower  SFI  threshold  ionize 
earlier.  Comparison  of  Figs.  5  and  7  indicates  a  resolution 
of  the  resonances  in  terms  of  the  final  rri/  quantum 
number.  For  instance  the  solid  and  broken  traces  in  Fig. 
7,  which  indicate  the  '  m/  =0  and  1  resonances,  respec¬ 
tively,  show  that  the  resonance  observed  at  £=255  V/cm 
in  Fig.  5  is  in  fact  composed  of  two  partially  overlapping 
resonances.  This  experimental  observation  is  in  agreement 
with  the  calculated  positions,  as  indicated  in  Table  I.  Res¬ 
onances  with  overlapping  final  states  with  the  same  m; 
cannot  be  resolved  in  any  straightforward  manner.  In  the 
above  discussion  we  have  implicitly  assumed  that  the 
!  w/  quantum  number  of  the  final  collision  state  can  be 
0  or  1.  This  assumption  is  reasonable  since  the  dipole- 
dipole— interaction  model  for  these  collisions  leads  to  the 
selection  rule  A  m/  =0  or  1,  where  A  m;  is  the  differ¬ 
ence  between  the  mi  values  of  the  initial  and  final  col¬ 
lision  state.  Since  we  start  from  mi  =0  ns  state,  the  fi¬ 
nal  states  must  have  ,  mi  =0  or  1.  We  note  that  the  cal¬ 
culated  cross  sections  for  the  higher-multipole  process  is 
~  10- 

To  show  that  the  results  presented  are  representative  we 
show  in  Fig.  8  collisiona!  resonances  between  pairs  of  Na 
atoms  initiali.  e.vcited  to  the  22s  state.  The  resonance' 
obtained  here  .ire  evidently  qualitatively  similar  to  those 
ohser' td  with  20'.  state  dese  ibed  earlier.  The  first  four 
re- ■"  .iicc  ['-.'k'  on  the  iow-field  side  correspitnd  to  the 
•  '  21  ‘  22p '  — I  21/2'  'the  second  and  third 

res-)....:  e  .  '.’iresolvei  as  in  Fig.  Sharp  res-inance' 


....  -'-dP' 

iresolve'i  as 
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FIG.  S.  Plot  of  ion  current  as  the  static  electric  field  is  in¬ 
creased.  showing  the  collision  resonances  for  the  Na  atoms  ini¬ 
tially  excited  to  the  22s  state.  Amplitude  of  the  SFl  pulse  used 
to  selectively  ionize  the  Na  atoms  1  /ts  after  the  laser  pulses  is 
set  so  that  only  atoms  with  n*  =22  ionize.  The  first  three  sharp 
peaks  at  low  field'  correspond  to  the  process 
22s  — '22si—  22r'-!21pl,  while  the  subsequent  peaks  are  due 
to  enhancement  in  the  collision  process  '22s  -’22s.— .l21p 
-  n  =21. ,’=2(1.!'''  or  22si-22i'  —  22p  -  ri  =  20./ =  1'^  . 
Note  the  similaniy  to  Fig  5.  which  is  essentially  the  same  hut 
starting  ai  20v. 


seen  at  higher  electric  field  correspond  to  a  large  transfer 
of  population  either  to  the  Zip  state  which  corresponds  to 
the  resonant-collision  process  '22s  ■  —  i22si— '22p)-'-i/i 
=  21./  or  to  the  n  =12.1'}  state  which  ct>rresponds  to  the 
process  22:  -  22,s  — 1 21pi  — i/i  =  22./,.  In  the  dipole- 
dipole  collision  model  the  nti  value  o'  the  final  slates 
can  again  be  either  or  I . 

IV.  OBSERVATIONOFNa(/rd)-rNa(nd- 
—  Na(  I  n  -  1 )/]  -  Nalnp )  RESONANT  COLLISIONS 

While  all  the  previous  observations  of  the  resonant  col¬ 
lisions  were  with  Na  atoms  initially  in  excited  ns  Rydberg 
states,  there  are  no  fundamental  limitations  to  the  use  of 
other  Rydberg  states.  For  instance,  at  relatively  low  fields 
approximately  17  V/cm'  the  process  1 15c/'  — i  I5z/) 
-(15p  -  Ib/i  becomes  resonant.  This  process  is  con¬ 
firmed  by  our  observation  of  a  sharp  transfer  of  popula¬ 
tion  inio  the  16/  state  as  shown  in  Fig.  d.  The  SFl  pulse 
amplitude  in  Fig.  d  is  set  to  detect  states  with  n*  —  16  or 
higher  and  therefore  atoms  in  the  laser-excited  15£/  state 
are  ni".  detected.  Only  atoms  with  final  rt*-16  'for  in¬ 
stance  '.(vi  or  16/  arc  detected  via  the  ion  multiplier.  .At 
zero  eleviric  field  'see  Fig.  9'  a  very  small  nonresonant 
black-body -radiation— induced  signal  is  observed.’’  Large 
ion  signals  are  observed  when  the  electric  field  is  set 
around  17  and  22  V/cm.  From  the  Stark-shifi  calcula¬ 
tions  It  IS  clear  that  at  low  fields  the  only  resonance  condi¬ 
tion  occurs  for  the  process  1 15£/i-i-(  15d'  —(16/'  — (15pi. 
i.e..  the  15d  state  lies  midway  between  16/  and  I5p. 
respectively.  The  fine-structure  splitting  of  the  15p  state 
results  in  the  two  resonances  observed  at  17  and  23  V/cm. 
respectively.  At  this  point  it  is  worth  mentioning  that  for 
Na  observation  of  resonant  collisions  with  ns  initial  states 
IS  much  easier  than  it  is  for  other  initial  states.  This  is  be¬ 
cause  as  the  electric  field  is  changed  the  Stark  shift  of  the 
initially  excited  state  necessitates  the  change  in  the  fre¬ 


quency  of  the  blue  laser  (the  Stark  shift  of  the  Zp  ./:  level 
is  insignificant  at  fields  of  less  than  1  kV/cm'  to  ensure 
that  the  transition  frequency  lies  with  the  laser  bandwidth 
(approximately  0..7  cm"').  For  instance,  the  20s  state  ex¬ 
periences  very  little  Stark  shift  up  to  relatively  high  fields 
(0.3  cm“'  at  0.4  kV/cm).  The  nd  states,  on  the  other 
hand,  experience  significant  Stark  shifts  However  in  the 
specific  case  we  have  just  considered  '\5dK  the  Stark  shift 
of  the  I5d  state  at  25  V/cm  is  much  smaller  than  the  laser 
linewidth.  We  note  that  calculations  show  that  a  similar 
resonance  condition  does  not  occur  for  the  16d  state  r.r 
higher->i  states  and  none  is  observed  experimentally.  Fi¬ 
nally  we  note  that  the  calculation  [F.q.  1,]  shews  that 
both  m  =0.1  15d  states  contribute  reughly  equally  le 
this  collisional  process. 

V.  DISCUSSION 

Since  extensive  measurements  of  the  ns  —  -  np 

—  (in— lip]  resonant-collision  cross  seciions  have  been 

reported  previously,  we  can  estimate  the  cross  sectu'ns  ier 
these  new  resonances  reported  here  by  comparing  the 
magnitude  of  the  ion  signals  for  the  various  nl  m  final 
states.  For  instance,  the  cross  section  I'or  tiie  re'onance 
'19,18,0:19.1.0)  at  £'=255  V/cm  in  Fig.  5  resulting  from 
the  m;  =0  collision  process  20'  —  •  r/ 

—  in  =  19./ =  18'  can  be  estimated  by  ci'mpannc  the  loi- 
signal  at  213  V/cm  corresponding  to  the  -esonance 
'19,1.0:20.1.0'.  From  the  previous  meus'.irenici'-  of  "he 
cross  section  for  the  resonance  Iv.i.i ■•.20.1.(.'  app'o.'.i- 
mately  2  ■  10"  'Ref.  7  we  estimate  iic  cros,  vc.  rioi'. 
for  the  1 19.18.0;19.1.0'  resonance  to  be  appro.\;ni..;e'.  !  / 
.A-. 


FIG  ')  Plot  i'(  the  ion  current  rcpresentinc  hi  r..../ '  i.  t 
the  itj  stale  'or  a  nearby  Stark  >iaie'  as  a  lancii"!'  o!  'lie  ''.1111 
electric  field.  .Atoms  are  initially  excited  i"  'he  spoe  Alt', 
plilude  of  the  SFl  pulse  is  set  to  loni/e  -tale-  ao:.  ■  '  -  ie. 
Sharp  drop  in  ihe  ion  current  near  £'  =  (1  |s  due  t,  1.  i.i'.er-  0^. 
ing  blocked  from  the  atoms.  Unstruclureu  naseiiu.  is  due  1 
black -bixiv -radiation  induced  iransiiions  Iron;  ii.  luiuoiy 
pumped  15i/ slate  into  Slates  with 'I*  _■  lb.  s.h,irp  .1., i  m  du. 
ton  current  'and  nenec  the  population  in  the  lb/  si.ii,  .1:  i.  -  I" 
V/cm  occurs  when  H  -  H  .,i,d  results  .n  the 

resonant-collision  process  '  1 5d '  -  •  1 5d '  •  1 0  / '  -  I  ?p  The 
pair  of  resonances  seen  m  this  trace  is  due  to  the  fmc-struclure 
splitting  of  the  15p  state. 
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Since  the  theoretical  calculations  of  the  resonant  col¬ 
lision  have  been  described  in  detail  elsewhere,'  we  shall 
onl\  quote  the  important  results  here.  The  cro.ss  section 
for  the  resonant  collision  process  / )  —  / )  —  /)  -r  /’> 
between  two  atoms  in  an  initial  state  i )  and  final  states 
/>  and  /'>isgi\en'ina.u.'by 

o  =  4.6^iP: 'i  ,  (3i 

where  —  u  i).  i  >,  v=0.iMikT/ 

rr>r.]'“-  is  the  mean  relative  velocity  between  the  two 
atoms.’  '  m  is  the  reduced  mass,  k  is  Boltzmann's  con¬ 
stant.  and  T  is  the  Na  oven  temperature.  Equation  (3i  is 
obtained  bv  performing  the  classical  trajectory  calculation 
for  the  collision  process  which  results  from  the  resonant 
dipole-dipole  interaction  between  the  two  atoms.  From 
our  calculations  of  Stark  wave  functions'"  for  the  Na 
Rydberg  states  we  obtain  ii|  =  <19p  fj  20i)=200  a.u. 
and  ^-=r  yn  =  19,/ =  18  /j  20s  )  =80  a.u.  for  the 
1 19,18,0;!9,1.0'  collision  resonance  observed  at  255  V/cm 
in  Fig.  5.  For  the  (20.1,0:19,1,01  resonance,  ^)=/i 2  =  200 
a.u.  The  calculated  ratio  between  the  cross  sections  for 
the  (19,18,0;19,1,0  and  (20.1.0:19,1,0'  resonances  is  there¬ 
fore  approximately  0.4.  From  Fig.  5  (and  other  similar 
data  not  shown  here)  we  see  the  observed  ratio  is  approxi¬ 
mately  0.4  (see  also  Table  ID.  As  stated  earlier,  the  reso¬ 
nance  at  approximately  255  V/cm  in  Fig.  5  is  actually 
composed  of  two  superimposed  resonances  (19,18,0:19,1,0' 
and  (19,18,0;19,l,li,  respectively.  In  the  preceeding  argu¬ 
ment  we  have  assumed  that  the  cross  sections  for  the  two 
unresolved  resonances  are  equal.  Calculated  cross  sections 
of  some  of  the  high-field  '  m/  =0i  resonances  and  their 
ratio  compared  to  the  lowest-field  resonance,  the 
(20,1,0:19,1,0'  cross  section,  are  listed  in  Table  II.  As 
shown  by  Table  II  the  magnitude  of  the  cross  section  de¬ 
pends  directly  on  the  product  of  the  dipole  matrix  ele¬ 
ments,  not  on  the  geometric  size  of  the  atoms  which  is 
roughly  constant  for  all  the  cases  listed  in  Table  II.  Con¬ 
version  of  the  electric  field  scale  to  the  frequency  scale  in¬ 
dicate  that  the  widths  of  the  newly  observed  resonances 
are  approximately  2  GHz  (see  Fig.  5)  which  is  comparable 
to  the  width  of  the  previously  observed  lower-field  reso¬ 
nances. 


It  is  worth  mentioning  at  this  point  that  the  observed 
n*  dependence  of  the  s-p  resonant  collision  process  Ibllt'w  s 
the  n**  behavior  predicted  by  the  dipole-dipole-  interac¬ 
tion  model  calculation  [Eq.  (3)]  quite  well.  The  calculaiec 
cross  sections  are,  however,  only  approximately  0,2  tune' 
as  large  as  the  absolute  cross  sections  observed  in  Re:. 
This  discrepancy  is  most  likely  due  to  inherent  uncertain¬ 
ty  in  the  determination  of  experimental  parameters  like 
atomic  number  density  or  relative  velocity:  it  is  also  possi¬ 
ble  that  the  cross  section  averaged  over  the  relative  veloci¬ 
ty  which  has  been  ignored  in  the  calculation  leads  to  a  dif¬ 
ferent  normalization  for  the  cross  section  In  the  presen- 
work,  however,  we  are  mostly  interested  in  obtaining  me 
relative  cross  sections. 

Finally  we  have  also  observed  resonant  collisions  be¬ 
tween  two  Na  atoms  with  /  >  2.  The  Na  atoms  are  initiai- 
ly  excited  to  an  nd  state  and  subsequently  excited  to  an  r..' 
stale  by  applying  a  microwave  field  in  the  presence  of  a 
small  static  field  (approximately  20  V/cmi.  Resonant  col¬ 
lisions  between  a  pair  of  laser-microwave— excited  atoms 
then  result  in  one  of  the  atoms  being  excited  to  a  state 
with  n‘  ~n  ^1.  Since  the  FI  threshold  of  the  final  state 
following  the  microwave  transition  and  the  subsequent 
resonant  collision  is  much  lower  than  that  for  the  initial 
laser-excited  state,  using  the  SFl  technique,  we  can  detect 
the  final  state  with  a  high  signal-to-background  ratio.  3Ve 
have  in  fact  observed  microwave  transition  from  the  18d 
(and  16d)  state  using  the  resonant  collisions.  The 
18d-18/  (/>2l  transitions  occur  as  the  microwave  fre¬ 
quency  is  swept  from  12.4  to  18.0  GHz  in  the  presence  of 
a  20-V/cm  electric  field.  These  microwave  transitions  are 
easily  detected  with  the  SFI  amplitude  set  to  detect  states 
with  ii*s  19, 

From  the  above  discussion  and  from  Figs.  5  and  8  it  is 
clear  that  the  newly  observed  resonant-collision  process 
(ns'-t-ins!— (iip)-i-[(ii  —  1 )/)]  (or  (nsl-rdii'  — [m  —  1  ip] 
+  nl))  occurs  quite  generally  and  has  a  large  cross  section, 
approximately  10*  A",  at  resonance.  As  can  be  seen  from 
Figs.  5  and  8  these  resonances  are  easily  observed.  .As 
shown  here  the  large  cross  sections  and  narrow  linewidths 
observed  are  largely  due  to  the  long-range  dipole-dipole 
interaction  between  highly  polarizable  Rydberg  atoms. 


I 


TABLE  11.  Calculated  and  observed  cross 
m,  =0  and  their  ratio  R  with  the  lowesi-field 
parentheses  represent  the  statistical  uncertainty  in 

section  for  resonances  with  both  final  states  with 
'20,1.0:19.1.0)  resonance  cross  section.  Numbers  in 
our  data. 

Re'  'r.aiici 

Calcul.ited  crivs' 
sect!  'll  10  .4 

Ratio  relative 
to  calculated 
cuts'  section  I’l'r 
d'l.i.Oilh.l.o 

Ratio  relative 
to  obseivcil 
cross  section  fi’i 
:(i,!,0;l'^.Ml 

:(  i'-  1.0 

!.;) 

!.() 

;  ■  -  .1.'- 

1  ;» 

O-l 

(l.4.0.(i- 

..;.:i-.P.() 

0  '■ 

0-2 

(1.1510.0'' 

l‘l.r,n;i''.1.0 

1.1 

0..t 

(1.210.04 

^  r 
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The  large  collision  cross  section  and  the  long  interaction 
time  (approximately  I  ns)  opens  up  the  possibility  of  ob¬ 
serving  microwave-assisted  collisions  similar  to  the  one 
observed  recently  for  the  process  (ns)-i-(ns)-t-liv 
— (np)-t-[(n  —  Dp].  It  is  quite  feasible  to  observe 
resonant  collisions  between  atoms  in  two  dissimilar  states 
and  more  generally  between  atoms  of  two  different 
species.  Resonant  collisions  involving  higher-multipole 


interactions  between  two  atoms  are  also  feasible.  Such  ex¬ 
periments  are  in  progress. 
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